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Abstract 

Malignant glioma (MG), comprised of grade III (anaplastic astrocytoma) and 

grade IV (glioblastoma) astrocytoma, is the most common adult brain tumour, with 

an incidence of ~4 in 100 000 people. Despite aggressive treatment with surgery, 

radiation, and chemotherapy, survival remains dismal, with median survival of 2-3 

years for grade III, and 14.6 months for grade IV astrocytomas. MGs are 

hypothesized to arise from cells in the glial cell lineage based on expression of glial 

genes including glial fibrillary acidic protein (GFAP) and brain fatty acid-binding 

protein (B-FABP, FABP7). In MG, B-FABP expression correlates with poor 

prognosis, and increased migratory activity in MG cell lines. During development, B-

FABP is expressed in a type of neural stem cells called radial glial cells. Following 

the onset of gliogenesis, expression of GFAP is activated in these cells. The Nuclear 

factor I (NFI) family of transcription factors, consisting of four family members (NFIA, 

B, C, X), are expressed in the developing brain, and are necessary for normal glial 

cell differentiation, including expression of GFAP.  

NFI binding sites are present in the promoters of both B-FABP and GFAP, 

and NFI family members are expressed in MG cells. We examined the role of NFI 

family members in regulating expression of B-FABP and GFAP in MG cell lines. We 

show that NFIs bind to the promoters of the B-FABP and GFAP genes and regulate 

their expression, with all four NFIs contributing to their regulation. Of note, we show 

that NFI-dependent regulation is promoter and promoter-context dependent. We 

also observe compensation between NFI family members, which suggests cross-

talk between NFIs. 
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 Given the vital role of NFI in gliogenesis, and expression of NFI in MG cells, 

we sought to identify additional NFI target genes in MG. Using chromatin 

immunoprecipitation (ChIP)-on-chip, we identified 403 putative NFI target genes, 

including the Notch effector HEY1. HEY1 promotes maintenance of neural 

progenitor cells during development, and its expression correlates with decreased 

survival in MG. Here, we show that NFI binds to NFI binding sites in the HEY1 

promoter, and represses expression of HEY1 in MG cells. 

 NFI is differentially phosphorylated in MG cell lines, and hypophosphorylated 

NFI correlates with expression of B-FABP and GFAP in these cells. Previously, a 

phosphatase activity was identified in cells with hypophosphorylated NFI that was 

absent in cells with hyperphosphorylated NFI. We show that the phosphatase 

calcineurin regulates NFI dephosphorylation and activation in MG cells. 

Furthermore, we identify a cleaved, activated form of calcineurin that localizes to the 

nucleus and is specifically found in MG cells with hypophosphorylated NFI. 

Immunohistochemical analysis of grade IV astrocytoma tumour tissues reveals the 

presence of calcineurin in the nucleus of cells found in areas of infiltration/migration. 

Taken together, our findings demonstrate an important role for NFI in regulation of 

genes involved in glial cell differentiation in MG cells, and reveal a novel calcineurin-

NFI regulatory axis that further regulates NFI-dependent promoter activity in these 

cells.  
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INTRODUCTION 
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1.1 Malignant Glioma 

1.1.1 Malignant glioma classification and epidemiology 

In the central nervous system (CNS), there are two main types of cells: 

neurons and glia. Tumours of the CNS are classified based on histological 

identification of the prevalent cell type. Gliomas, which can arise from glial cells, 

account for 81% of malignant brain tumours (Ostrom et al., 2014a). Gliomas are 

further subdivided based on prevalent cell type: astrocytomas are primarily 

composed of neoplastic astrocytes, oligodendrogliomas are predominantly 

composed of neoplastic oligodendrocytes, ependymomas of cells with ependymal 

characteristics (Louis et al., 2007). Tumours of mixed cell types, such as 

oligoastrocytomas, contain a combination of two distinct neoplastic cell types 

(Louis et al., 2007; Ostrom et al., 2014a; Zhu and Parada, 2002). These tumours 

are further classified into grades (I to IV) based on histopathological and clinical 

presentation parameters established by the World Health Organization (WHO) 

(Louis et al., 2007). Accurate grading of tumours is important for two reasons: (i) 

to predict biological behavior, and treat appropriately, and (ii) to facilitate 

international communication and research (Louis et al., 2007). Astrocytomas are 

by far the most common glioma subtype, accounting for more than 80% of gliomas 

(Dolecek et al., 2012). 

Astrocytomas are graded based on mitotic activity, infiltration, nuclear 

atypia, microvascularization and necrosis. Grade I astrocytoma, also known as 

pilocytic astrocytoma, is a brain tumour that normally affects children or young 

adults. These tumours have a low proliferative potential, are often well-
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circumscribed, rarely recur at a higher grade, and can commonly be cured solely 

by surgical resection (Dunham, 2010; Louis et al., 2007; Marko and Weil, 2012). 

Similar to pilocytic astrocytoma, diffuse astrocytomas (grade II) are characterized 

by low proliferative potential; however, grade II astrocytomas are commonly 

infiltrative, may display occasional nuclear atypia, and often recur at a higher grade 

(Louis et al., 2007). Anaplastic astrocytoma (AA) (grade III) and glioblastoma 

(GBM) (grade IV), collectively referred to as high grade astrocytoma or malignant 

glioma (MG), display nuclear atypia, mitotic activity, and widespread infiltration. In 

addition, glioblastoma tumours exhibit microvascular proliferation and/or necrosis 

(Figure 1-1) (Louis et al., 2007; Ostrom et al., 2014a). 

Increasing the complexity of MG, GBM can be further separated into 

primary and secondary GBM. Primary GBM arise de novo, while secondary GBM 

occurs from malignant transformation of a lower-grade tumour (DeAngelis, 2001). 

Primary GBM commonly occurs in an older population (mean age 55), while 

secondary GBM presents in patients ≤45 (DeAngelis, 2001; Kleihues et al., 2000). 

In addition, alternative genetic pathways are detected in these two subtypes 

(discussed in Section 1.1.3). Although MG accounts for the majority of adult human 

brain tumours, incidence is rare, affecting approximately ~3-5/100 000 people/year 

(Deorah et al., 2006; Kleihues and Sobin, 2000). These tumours are more common 

in males than females (3:2), and as with many malignancies, incidence increases 

with age, with highest incidence in the 75-84 age group (Dubrow and Darefsky, 

2011; Ostrom et al., 2014a).   

 



 

4 
 

 

 

 

 

 

 

Figure 1-1: Glioma classification 
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Genetic risk factors can contribute to an increased risk for all glioma. Li-

Fraumeni syndrome, characterized by germline mutation of TP53, encoding p53 

protein, results in predisposition to a number of cancers, with 10% of patients 

developing glioma, predominantly astrocytoma, commonly at an early age (<45) 

(Hottinger and Khakoo, 2009; Kleihues et al., 1995). Tuberous sclerosis, resulting 

from disruption of tuberous sclerosis 1 (TSC1) or TSC2, is associated with a 5-

15% incidence of grade I astrocytoma; however, these tumours rarely recur or 

undergo malignant transformation (Hottinger and Khakoo, 2009; Ostrom et al., 

2014a). Patients with Neurofibromatosis 1 (NF1), caused by disruption of the NF1 

gene which encodes neurofibromin, have a high incidence (15% of patients) of 

developing pilocytic (grade I) astrocytomas (Lewis et al., 1984; Zhu and Parada, 

2001). Together, these syndromes account for only a very small proportion of all 

glioma cases.   

Additional risk factors for gliomas include exposure to ionizing radiation.  

Exposure to therapeutic doses of ionizing radiation results in increased glioma risk, 

which has been clearly characterized in children treated for acute lymphoblastic 

leukemia (Neglia et al., 1991; Ohgaki, 2009; Ostrom et al., 2014b). Use of mobile 

cell phones has been widely investigated as a putative risk factor for glioma. 

Multiple studies have failed to find a significant association between cell phone use 

and glioma (Deltour et al., 2012; Little et al., 2012; Swerdlow et al., 2011); however, 

as cell phones have only become widely used in the last 20 years, the effects of 

long term usage remain to be seen. 
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1.1.2 Malignant glioma treatment and survival 

MG is treated aggressively with a combination of surgery, radiation, and 

chemotherapy. Despite this aggressive approach, long term survival remains 

elusive, with median survival times of 2-3 years for grade III, and 9-15 months for 

grade IV patients (Louis et al., 2007; Ohgaki and Kleihues, 2005b). Malignant 

transformation of grade II astrocytomas is common, and approximately 70% of 

these tumours recur as higher grade disease within 10 years of initial diagnosis 

despite treatment (Furnari et al., 2007; Louis et al., 2007).  

 Following identification of a brain tumour by CT or MRI imaging, surgery is 

planned. The aim of surgery is three-fold: (i) identification and diagnosis by 

histopathological and cytogenetic analysis of tumour tissue, (ii) debulking of 

tumour to relieve symptoms, and (iii) increase survival time by removing as much 

of the tumour as possible to achieve minimal residual disease. Depending on the 

location of the tumour, surgery may be a biopsy, subtotal resection (STR), or gross 

total resection (GTR). GTR is advised whenever possible to increase survival time, 

as greater extent of resection correlates strongly with patient survival. However, 

this must be balanced with preservation of functional brain regions (Hardesty and 

Sanai, 2012; Sanai and Berger, 2008; Simpson et al., 1993; Stummer et al., 2008). 

As MG is highly infiltrative, even aggressive surgery such as GTR is not curative 

and tumours invariably recur. Despite the significant tumour infiltration seen in MG, 

metastasis outside the brain is exceedingly rare (Lun et al., 2011). 

Following definitive diagnosis of MG following surgery, the standard of care 

for newly diagnosed MG is radiotherapy (RT) with concurrent chemotherapy with 
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the alkylating agent temozolomide TMZ). RT with a total dose of 60 Gy is delivered 

as involved field RT (IFRT), in fractions of 1.8-2 Gy over the course of ~6 weeks 

(Mason et al., 2007). Post-operative RT was first used as standard of care starting 

in the 1970s, given as whole-brain RT (WBRT). Studies by the Brain Tumor 

Cooperative Group identified a significant increase in survival time for patients 

treated with WBRT compared to no RT control (Walker et al., 1976; Walker et al., 

1978; Walker et al., 1980). Doses beyond 60 Gy did not produce increased survival 

time, and resulted in radiation necrosis of normal brain (Nelson et al., 1988; 

Salazar et al., 1979). WBRT was replaced by IFRT as the standard of care 

following studies that found no difference in survival between patients treated with 

WBRT and IFRT (Onoyama et al., 1976; Phillips et al., 2003; Sharma et al., 2003).  

Emerging techniques in radiotherapy aim to increase efficacy, decrease 

side-effects, and/or improve delivery methods. Accelerated fractionation delivers 

more than one fraction of radiation per day to decrease total treatment time, and 

hyperfractionation refers to smaller fractions delivered more frequently to allow for 

a higher total dose without added toxicity (Withers et al., 1982). Clinical trials 

examining both accelerated fractionation and hyperfractionation showed no 

advantage over current practices (Fiveash and Spencer, 2003; Fulton et al., 1992; 

Mason et al., 2007; Prados et al., 2001). Stereotactic radiosurgery to deliver high 

radiation doses specifically to tumours over the course of one to five fractions, and 

fractionated stereotactic radiosurgery, whereby smaller doses are delivered over 

the course of more fractions, have also been investigated, especially for recurrent 

glioblastoma (Larson et al., 1990). Though clinical trials have yet to demonstrate 
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improved outcomes, additional research in this field may yield more promising 

results (Barani and Larson, 2015; Cardinale et al., 2006; Souhami et al., 2004). 

 The current Canadian standard of care calls for concurrent administration 

of the alkylating agent TMZ with radiotherapy at a daily dose of 75 mg/m2 for 42 

days. Following completion of radiotherapy, adjuvant TMZ is given at a dose of 

150 to 200 mg/m2 per day for 5 consecutive days over a 28-day schedule for six 

cycles if well tolerated (Mason et al., 2007). The addition of TMZ to the standard 

of care resulted in an increase in the median survival of GBM from 12.1 months to 

14.6 months, the largest increase in survival time since the introduction of 

radiotherapy (Stupp et al., 2005). In addition, the two year survival for GBM 

increased from 10.4% to 26.5%, and five year survival from 1.9% to 9.8% (Stupp 

et al., 2009). 

 TMZ is a prodrug produced through rational drug design by the UK Cancer 

Research Campaign (Newlands et al., 1997). TMZ alkylates N7 guanine, O3 

adenine and O6 guanine positions in DNA (Denny et al., 1994). The cytotoxic lesion 

is the 06 methylguanine, which results in futile cycling of the mismatch repair 

pathway and signaling for apoptosis (Stupp et al., 2001). Prior to the introduction 

of TMZ, other alkylating drugs including the nitrosoureas carmustine (BCNU) and 

lomustine (CCNU), as well as procarbazine, were used but did not significantly 

improve survival (Shapiro et al., 1989). Interestingly, although the increase in 

median survival following concurrent and adjuvant treatment with TMZ was only 

~2.5 months, a subset of patients whose tumours showed epigenetic silencing of 

the O6-methylguanine-DNA methyltransferase (MGMT) gene had a 21.7 month 
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median survival in the TMZ-treated cohort compared to 15.3 months for the cohort 

treated with radiation only (Hegi et al., 2005). Comparatively, in patients with 

tumours that had unmethylated MGMT promoters, treatment with TMZ only 

increased median survival to 12.7 months compared to 11.8 months for radiation 

only (Hegi et al., 2005). MGMT removes the alkyl group from the O6 position of 

guanine in a stoichiometric reaction, repairing the lesion (Fukushima et al., 2009). 

Methylation of the MGMT promoter results in promoter silencing, and loss of 

MGMT expression (Watts et al., 1997), and the MGMT gene is methylated in 30-

40% of MG (Esteller et al., 1999; Mellai et al., 2012). Thus, while patients with 

methylation of the MGMT promoter respond well to TMZ, the drug has little impact 

on survival for patients with an unmethylated MGMT promoter (Hegi et al., 2005).  

New therapies, included targeted therapies, are currently being investigated 

for the treatment of MG. GBM tumours are highly vascularized and anti-angiogenic 

therapy is a potential therapy. Bevacizumab is a humanized monoclonal antibody 

to vascular endothelial growth factor A (VEGF-A). Addition of bevacizumab to the 

current radiotherapy and TMZ protocol in newly diagnosed GBM does not 

significantly increase overall survival (Chinot et al., 2014), but is used for recurrent 

MG, and may increase progression-free survival (Easaw et al., 2011; Friedman et 

al., 2009). Cilengitide, which selectively inhibits αvβ3 and αvβ5 integrins, recently 

failed to show benefit in a phase III clinical study despite early promise (Stupp et 

al., 2014). Additional drugs targeting multiple signaling pathways are also currently 

being investigated including multiple drugs targeting receptor tyrosine kinases. 

Unfortunately, the redundancy of signaling pathways, activation of multiple 
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signaling pathways in MG, the heterogeneous nature of these tumours, and the 

need to cross the blood-brain barrier vastly complicate successful drug 

development (Hamza and Gilbert, 2014; Jordan and Wen, 2015). 

Immunotherapy may show the most promise for significant increases in 

survival in MG by using the immune system to identify and destroy tumour cells. 

Multiple immunotherapy approaches including vaccines are currently being 

investigated for MG. Tumour vaccines are designed to present tumour specific 

antigens to the host immune system to stimulate a tumour-specific response. 

Multiple methods of delivery and design are currently in the early stages of 

investigation (Bloch, 2015; Oh et al., 2015).  

 

1.1.3 Molecular biology of malignant glioma 

MG is a molecularly heterogeneous disease, consisting of multiple subtypes 

based on both clinical presentation and genetic characterization.  Increasing this 

complexity, there is significant intratumoural heterogeneity. Within this diversity, 

recurrent chromosomal abnormalities have been identified, and three core 

signaling pathways have emerged as regularly dysregulated: p53, retinoblastoma 

(pRB), and receptor tyrosine kinase (RTK)/RAS/phosphoinositide 3-kinase (PI3K) 

signaling (Furnari et al., 2007; Louis et al., 2007). All three genetic pathways are 

disrupted in the majority of MG tumours, resulting in increased cell survival, 

proliferation, disruption of cell cycle checkpoints and apoptotic signaling (Chen et 

al., 2012). The Cancer Genome Atlas Research Network (TCGA) has undertaken 

comprehensive genomic, epigenomic, transcriptomic, and proteomic analysis of 
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GBMs. This study has highlighted the significance of these pathways in GBM, with 

74% of GBM tumours containing genomic alterations in all three pathways (2008; 

Brennan et al., 2013; Noushmehr et al., 2010; Verhaak et al., 2010). In addition, 

numerous additional genetic alterations have been revealed that contribute to the 

heterogeneity and aggressiveness that characterize MG (Parsons et al., 2008).  

 The p53 signaling pathway regulates the cellular response to stress signals. 

When activated, this pathway blocks cell cycle progression by inhibiting cell 

proliferation and/or promoting apoptosis (Vousden and Prives, 2009). TP53 

encodes the transcription factor p53. In the absence of stress signaling, the E3 

ubiquitin ligase MDM2 binds and degrades p53 ensuring that p53 is maintained at 

low levels (Honda et al., 1997; Kubbutat et al., 1997). Upon genotoxic stress, the 

MDM2-p53 interaction is disrupted, p53 is up-regulated and post-translationally 

modified, resulting in transcription of p53 target genes including the cell cycle 

regulator p21(CDKN1A) (el-Deiry et al., 1994; Horn and Vousden, 2007; Shieh et 

al., 1997). The tumour suppressor p14ARF, which is transcribed from the CDKN2A 

locus, also regulates p53 by sequestering MDM2 to promote p53 activation (Horn 

and Vousden, 2007; Toledo and Wahl, 2006). Molecular profiling of MG has 

revealed disruption of the p53 signaling pathway in 87% of tumours (2008; Dunn 

et al., 2012). Disruption occurs through mutation or deletion of the TP53 gene 

(35%), amplification of MDM2 (14%) and closely related MDM4 (7%), and mutation 

or deletion of CDKN2A (encoding p14ARF) (49%) (2008). Interestingly, alterations 

in this pathway are mutually exclusive, such that a mutation is only found in one 

component of this pathway (Brennan et al., 2013; Ciriello et al., 2012). Mutation or 
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deletion of TP53 is more common in secondary tumours, indicating that disruption 

of TP53 may be an early event in tumourigenesis in lower grade astrocytomas 

(Dunn et al., 2012; Louis, 1994).  

 The RB pathway regulates cell proliferation. When pRB is phosphorylated, 

it interacts with and sequesters the E2F family of transcription factors. E2F family 

members regulate genes involved in DNA synthesis and cell cycle progression. 

pRB is phosphorylated by activated cyclin-dependent kinase (CDK) 4 and 6 (CDK4 

and CDK6), releasing E2F transcription factors (Dick and Rubin, 2013). CDK4 and 

CDK6 are inhibited by cyclin dependent kinase inhibitors, including CDKN2B, 

CDKN2C, and p16INK4A, which is transcribed from CDKN2A, the same locus as 

p14ARF (Dick and Rubin, 2013). Similar to p53 signaling, the RB pathway can be 

disrupted through multiple mechanisms; RB1 mutation or deletion (11%), CDK4 

amplification (14%), CDK6 amplification (1%), deletion or mutation of CDKN2A 

(52%), deletion of CDKN2B (47%), or deletion of CKDN2C (2%), resulting in 

uncontrolled cellular proliferation (2008; Knudsen and Wang, 2010).  

 The third core pathway frequently disrupted in MG is signaling through 

RTK/RAS/PI3K, encompassing signaling through growth factor receptors and 

downstream effectors including the PI3K pathway. The TCGA found mutations or 

amplification of the epidermal growth factor receptor (EGFR) in 45% of GBM 

tumours. One common mutation is deletion of exons 2-7 encoding a portion of the 

EGFR extracellular domain. This EGFRvIII mutant, which is constitutively active, 

accounts for approximately 50% of genetic disruptions involving EGFR (Dunn et 

al., 2012; Frederick et al., 2000; Huang et al., 1997; Narita et al., 2002). Other 
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RTKs are altered to a lesser extent, including mutation of ERBB2 [also known as 

human epidermal growth factor receptor 2 (HER2)] (8%), and amplification of 

platelet derived growth factor alpha (PDGFRA) (13%) and MET (4%) (2008). The 

most commonly altered downstream effectors are phosphatase and tensin 

homolog (PTEN) (mutated or deleted in 36% of GBM tumours), PIK3R1 (10%), 

PIK3CA (7%), and NF1 (18%) (2008; Parsons et al., 2008). While alterations in 

downstream effectors of the PI3K pathway are mutually exclusive, similar to the 

p53 and RB pathways, alterations in RTKs are not mutually exclusive (Brennan et 

al., 2013). 

Outside of the three core signaling pathways implicated in MG, a novel 

recurrent mutation of R132 in IDH1 was identified by Parsons et al. (2008) in 12% 

of the GBM genomes sequenced (Parsons et al., 2008). IDH1 encodes isocitrate 

dehydrogenase I, a metabolic enzyme that catalyzes the oxidative decarboxylation 

of isocitrate to α-ketoglutarate, and production of NAPDH (Reitman et al., 2010). 

The R132 mutation is in the active site of the enzyme, is monoallelic, and confers 

ability to produce 2-hydroxyglutarate (2-HG) (Parsons et al., 2008; Ward et al., 

2010). Mutation of IDH2 at R172, analogous to the IDH1 R132 mutation, has also 

been reported.    

IDH1 mutations are more prevalent in younger patients whose MG tumours 

are characterized by TP53 mutations. These IDH1 mutations are associated with 

a better prognosis, even after correcting for confounding factors including age 

(Parsons et al., 2008). IDH1/2 mutations are more common in grade III 

astrocytomas (73%) and secondary GBM (85%) than in primary GBM (5%), and 
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may identify a specific subset of MG tumours (Noushmehr et al., 2010; Yan et al., 

2009). The mechanism of how IDH mutations contribute to MG remains unclear, 

but may be due to production of 2-HG. 2-HG is a competitive inhibitor of α-

ketoglutarate-dependent dioxygenases, and consequently, elevated 2-HG results 

in inhibition of histone demethylases and the TET family of 5-methylcytosine 

hydroxylases (Xu et al., 2011). Studies using immortalized astrocytes demonstrate 

that IDH1 R132 alters DNA methylation, resulting in widespread CpG island 

hypermethylation (Turcan et al., 2012). Promoter hypermethylation in MG tumours 

has been previously observed (Kim et al., 2006; Martinez et al., 2009), including 

hypermethylation of MGMT (Hegi et al., 2005). MG with widespread methylation is 

referred to as ‘glioma-CpG island methylator phenotype (G-CIMP) (Noushmehr et 

al., 2010). There is strong correlation between IDH1/2 mutations and G-CIMP, 

given that 98% of MG tumours with G-CIMP harbour mutations in IDH1/2 (Turcan 

et al., 2012). In addition, as seen with IDH mutations, patients with G-CIMP 

tumours have significantly improved survival, independent of tumour grade 

(Noushmehr et al., 2010). 

 Extensive molecular profiling of MG has resulted in identification of 3-5 

subtypes of disease, based on integration of genomic data (Brennan et al., 2013; 

Noushmehr et al., 2010; Phillips et al., 2006; Verhaak et al., 2010). These subtypes 

include mesenchymal, classical (proliferative), neural, proneural, and proneural 

with G-CIMP (Table 1-1). The mesenchymal subtype is characterized by increased 

incidence of NF1 disruption, expression of mesenchymal markers, high levels of 

necrosis, expression of NFκB pathway genes, and a gene expression profile 
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similar to cultured astrocytes (Brennan et al., 2013; Phillips et al., 2006; Verhaak 

et al., 2010). Classical tumours commonly show loss of PTEN and high levels of 

EGFR amplification or activation, no TP53 mutations, and homozygous deletion of 

the CDKN2A locus, thereby disrupting p53 and RB signaling. These tumours also 

express markers of neural precursor cells, and gene expression profiling 

resembles an astrocyte specific gene expression profile (Brennan et al., 2013; 

Dunn et al., 2012; Verhaak et al., 2010). Neural subtype tumours express neuronal 

markers and are most similar to normal adult brain, while proneural tumours have 

the highest similarity to fetal brain, express genes involved in oligodendrocytic 

development, and harbour amplifications of PDGFRA and mutations in TP53 

(Phillips et al., 2006; Verhaak et al., 2010). In addition, a subset of proneural 

tumours also have IDH1/2 mutations, and display G-CIMP (Noushmehr et al., 

2010). Importantly, RNA-sequencing of single cells isolated from GBM tumours 

revealed that cells within the same tumour have molecular profiles correlating to 

different subtypes (Patel et al., 2014). This suggests that molecular subtyping of 

tumours may not reflect the entire tumour.  

 Secondary GBM and grade III tumours are virtually all classified as 

proneural, and many have IDH1/2 mutations (Noushmehr et al., 2010; Phillips et 

al., 2006). Many of these tumours also display G-CIMP phenotype, which is tightly 

linked to IDH mutations (Noushmehr et al., 2010). This suggests that mutation of 

TP53 and IDH1/2 are early events in tumourigenesis, and other subtypes may 

develop as distinct diseases via alternative pathways. As characterization 

escalator



 

16 
 

Proneural Neural Classical Mesenchymal 

Oligodendrocytic 

signature 

Oligodendrocyte, astrocytic, 

and neural gene expression 

Astrocytic signature Cultured astrocyte gene 

signature 

PDGFRA amplification neuronal markers EGFR 

amplified/overexpressed 

NF1 loss/mutation 

TP53 mutations  PTEN loss mesenchymal markers 

  CDKN2A loss  

Proneural +G-CIMP 

IDH1/2 mutation 

Secondary GBM 

 

Table 1-1: Malignant glioma subtypes
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becomes increasingly specific, additional classifications may be added. These and 

future classifications may help improve design and testing of new therapies, predict 

survival and disease progression. 

 Invasion is a defining feature of MG, resulting in dismal survival due to 

tumour recurrence. Invasion of surrounding tissue follows a progression that 

mirrors cell migration during development (Dirks, 2001), with the most frequent 

routes of invasion being white matter tracts and the basement membranes of blood 

vessels (Parsa et al., 2005). Despite their migratory nature, MG metastasis outside 

the brain is exceedingly rare, occurring in less than 0.5% of cases (Hamilton et al., 

2014; Lun et al., 2011). Invasion requires adhesion to the extracellular matrix 

(ECM), modification of the ECM, changes in cell contractility, cytoskeletal 

reorganization, and migration (Westphal and Lamszus, 2011). MG cells adhere to 

the ECM through multiple effectors including integrins, cadherins, and neural cell 

adhesion molecules (Cuddapah et al., 2014). Cells then detach from the ECM, 

remodel the ECM, and migrate. Cells remodel the ECM through expression of 

secreted matrix metalloproteinases (e.g. MMP-1, MMP-2 and MMP-9), the serine 

protease uPA, and membrane anchored ADAM proteases (Cuddapah et al., 2014; 

Rao, 2003). Expression of MMP-2, MMP-9, uPA, and ADAM12 is increased in MG 

tumours (Forsyth et al., 1999; Kodama et al., 2004; Wang et al., 2003; Yamamoto 

et al., 1994a; Yamamoto et al., 1994b). Cytoskeletal reorganization and migration 

is regulated by the Rho GTPases Rac1 and Rac3 which have been linked to MG 

cell migration (Chan et al., 2005; Nakada et al., 2007). Additional signaling 
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pathways and molecules also contribute to infiltration and migration, with new 

molecules continuously being identified. 

Microvascular proliferation is a hallmark of disease progression, and an 

identifying feature of GBM tumours (Louis et al., 2007). Transformation of grade 

II/III astrocytomas to grade IV GBM is characterized by the presence of 

microvascular proliferation. Angiogenesis results from a network of interacting 

signaling pathways, including signaling through hypoxia inducible factor 1α (HIF-

1α) that is stabilized in low oxygen conditions. The ensuing expression of HIF-1α 

downstream target genes, including vascular endothelial growth factors (VEGFs), 

results in activation of VEGF receptors (VEGFRs) and their downstream effectors 

(Kaur et al., 2005). HIF-1α can also be regulated downstream of EGFR, via the 

PI3K pathway, which is commonly activated in MG (Clarke et al., 2001). A number 

of additional factors also contribute to angiogenesis and microvascular 

proliferation in GBM (Dunn et al., 2012). Tumour vasculature is poorly organized, 

resulting in areas of hypoxia and edema. The latter upregulate angiogenic 

signaling and are often accompanied by areas of necrosis, an additional hallmark 

of GBM tumours (Furnari et al., 2007; Kaur et al., 2005; Kaur et al., 2004). 

 

1.1.4 Gliomagenesis 

Understanding the process of gliomagenesis has focused on identifying the 

critical steps that result in malignant transformation and determining in what cells 

these changes occur. Based on the glial nature of MG tumours, as exemplified by 

expression of glial fibrillary acidic protein (GFAP), MG was originally hypothesized 
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to arise from astrocytes in the adult brain (Kleihues et al., 1995). The cell-of-origin 

has come under extensive debate following the identification of neural stem cells 

in the adult brain, the detection of possible brain tumour stem cells, and findings 

from mouse models of glioma. There are now three main hypotheses for the cell-

of-origin of MG: (i) neural stem cells within the postnatal/adult brain, (ii) progenitor 

cells, and (iii) de-differentiated astrocytes (Liu and Zong, 2012; Quinones-Hinojosa 

and Chaichana, 2007; Siebzehnrubl et al., 2011).  

 In the adult mouse brain, neurogenesis is restricted to two main 

compartments: the subventricular zone and the subgranular zone (Doetsch, 

2003a). In the subventricular zone, neuroblast (type A) cells migrate as chains 

through tunnels formed by subventricular zone astrocytes (type B cells), and transit 

amplifying (type C) cells are scattered along these neuroblast chains (Doetsch, 

2003a; Doetsch et al., 1997; Lois et al., 1996). Subventricular zone astrocytes act 

as neural stem cells, give rise to neurospheres and repopulate the subventricular 

zone after ablation of type A and type C cells (Doetsch et al., 1999a). 

Subventricular zone astrocytes express GFAP and maintain stem cell 

characteristics including extensive proliferative potential, ability to differentiate into 

multiple cell types, and self-renewal (Doetsch et al., 1999a). These cells are an 

attractive cell-of-origin for MG as they exist in a stem cell niche that is permissive 

for cell proliferation, located near blood vessels and the basal lamina, and exposed 

to growth factors. In addition, subventricular zone astrocytic neural stem cells are 

able to give rise to a heterogeneous population of cells, similar to what is observed 
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within a MG tumour, and these cells have the capacity for migration and invasion 

(Doetsch, 2003b).  

 Brain tumour stem cells (BTSCs), first identified by Singh et al. (Singh et al., 

2003) in pediatric brain tumours, and in GBM by Galli et al. (Galli et al., 2004), refer 

to a small subset of tumour cells that are able to proliferate, self-renew, and 

differentiate, similar to neural stem cells, and to give rise to heterogeneous 

tumours, mirroring the tumours from which they are isolated. These cells have 

been hypothesized to be responsible for tumour growth, recurrence, and treatment 

resistance (Stiles and Rowitch, 2008). The nature of BTSCs has been widely 

debated. While CD133+ was initially used as a marker for these cells, there are 

reports indicating that CD133- cells can also act as BTSCs (Beier et al., 2007). 

More recent work suggests that MG tumours can harbour multiple cell populations 

with different phenotypes, expressing different markers, and showing different 

growth patterns, while maintaining the ability to self-renew and regenerate tumours 

(Chen et al., 2010).  

  In mouse models, different combinations of genetic mutations in 

subventricular zone astrocytes (adult neural stem cells) result in different types of 

brain tumours. Deletion of PTEN and TP53 in subventricular zone astrocytes gives 

rise to gliomas, but these same mutations do not result in tumours when targeted 

to mature astrocytes (Jacques et al., 2010). Another mouse model where both NF1 

and TP53 are deleted showed tumour formation when these deletions were 

targeted to the subventricular zone of adult mice; however, no tumours were 

observed when deletions were targeted specifically to the cortex or striatum, which 



 

21 
 

do not contain neural stem cells. These models suggest that neural stem cells or 

progenitor cells found in the subventricular zone (type C cells), but not mature 

astrocytes, are the cell-of-origin of MG.  

Mosaic analysis of double markers (MADM) facilitates the analysis of 

changes in individual cell lineages prior to emergence of a tumour. In a MADM 

mouse model, inactivation of TP53 and NF1 in neural stem cells did not result in 

expansion of the neural stem cell population; however, there was substantial 

expansion of downstream progeny, specifically NG2+ oligodendrocyte precursor 

cells, which act as progenitor cells (Liu et al., 2011). Transcriptome analyses of 

these tumours revealed a molecular signature that matched the proneural subtype 

(Liu et al., 2011; Verhaak et al., 2010).  

 Recent work targeting differentiated cells in the CNS suggests that mature 

astrocytes and neurons can also give rise to MG in mice under specific conditions. 

Targeted knockdown of TP53 and NF1 or knockdown of TP53 and expression of 

activated H-Ras in mature neurons of adult mice results in development of large 

tumours (Friedmann-Morvinski et al., 2012). Microarray analysis of these tumours 

reveals a molecular signature that corresponds closely with the mesenchymal 

subtype of GBM. Disruption of the same targets in mature astrocytes also results 

in tumours with a mesenchymal molecular signature (Friedmann-Morvinski et al., 

2012). Knockdown of TP53 and activation of H-Ras in neural stem cells using the 

same system also results in tumours; however, these tumours have a neural 

subtype molecular signature. These results support work done in vitro with 

astrocytes and neural stem cells demonstrating that both mature neurons and 
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mature astrocytes can form tumours following disruption of specific signaling 

pathways (Rich et al., 2001; Stiles and Rowitch, 2008; Uhrbom et al., 2005). 

Importantly, astrocytes can de-differentiate following genetic mutations commonly 

seen in MG, including deletion of the gene encoding p16INK4A and p19ARF (mirroring 

disruption of the CDKN2A locus) and activation of EGFR (Bachoo et al., 2002). 

Taken together, these results suggest that there may be more than one cell-of-

origin for MG.  

 Mouse models and in vitro work have also revealed complexity regarding 

the genetic pathways leading to tumour formation, which is mirrored by the cellular 

and molecular heterogeneity seen in MG tumours. Genetically engineered mouse 

models reveal that multiple combinations of genetic disruptions can result in MG 

formation. For example, disruption of NF1 alone does not lead to tumour formation; 

however, when combined with loss of TP53, MG tumours occur at high 

penetrance, but only when TP53 inactivation occurs before or with NF1 inactivation 

(Zhu et al., 2005). PTEN loss hastens tumour formation in this model, but loss of 

PTEN and NF1 are not sufficient to cause tumours without TP53 disruption (Kwon 

et al., 2008). Concomitant loss of PTEN and TP53 in the mouse CNS results in 

aggressive MG tumours (Zheng et al., 2008). Loss of RB1 in mouse astrocytes 

results in MG tumours with long latency. When combined with loss of TP53, there 

is no change in latency: however, when combined with loss of PTEN, tumours 

developed much more quickly (Xiao et al., 2002; Xiao et al., 2005).  

EGFR is commonly overexpressed in MG tumours. Even so, 

overexpression of EGFR (wild-type or EGFRvIII) in adult mouse brain is insufficient 
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to produce MG tumours (Zhu et al., 2009). However, when EGFRvIII 

overexpression is combined with loss of p16INK4A, p19ARF and PTEN, highly 

aggressive tumours are formed with high penetrance and short latency, compared 

to low penetrance and longer latency when wild-type EGFR is overexpressed (Zhu 

et al., 2009). Multiple additional mouse models of MG have been generated with 

combinations of alterations to mirror different genetic disruptions found in human 

MG tumours (Janbazian et al., 2014). These mouse models illustrate that different 

genetic alterations work in tandem, and the timing and combination of these 

alterations, in conjunction with the cells in which these alterations arise, contribute 

to the fundamental heterogeneity and complexity of gliomagenesis. 

 

 1.2 Gliogenesis 

1.2.1 Development of the brain 

During gastrulation, complex signaling between migrating cells specifies a 

population of cells in the ectoderm as neuroectodermal cells. These 

neuroectodermal cells are stem cells that give rise to neural tissue including the 

CNS and peripheral nervous system (PNS) (Stiles, 2008). The neural tube forms 

from the neural plate with neural precursor cells lining the surface of the hollow 

tube. As the brain grows, the hollow tube forms the basis of the ventricles, with the 

neural precursor cells lining the surface, referred to as the ventricular zone (Stiles, 

2008; Stiles and Jernigan, 2010). The neural tube develops into the spinal cord, 

whereas the anterior end of the neural tube expands, and forms three brain 

vesicles which are precursors to the forebrain, midbrain, and hindbrain (Clark, 



 

24 
 

2002). Specification of the CNS occurs through neural patterning via exposure to 

morphogen gradients which are converted into transcription factor codes resulting 

in defined boundaries (Stiles and Jernigan, 2010). This spatial patterning results 

in neural precursor cells that give rise to different types of neurons and glia based 

on location within the developing brain (Briscoe et al., 2000; Jessell, 2000). 

Neural precursor cells generate neurons and glia within proliferative regions 

of the developing brain including the ventricular zone and the ganglionic 

eminences. In the ventricular zone, neural precursor cells, also referred to as 

neural stem cells, first proliferate via symmetrical cell division to exponentially 

increase the pool of proliferating cells (Stiles, 2008). Brain cells are produced in a 

temporally controlled fashion, with neurons produced first, and glial cells second 

(Miller and Gauthier, 2007). At the onset of neurogenesis, neural precursor cells 

transition from neuroepithelial cells to radial glial cells (Pinto and Gotz, 2007). This 

occurs through loss of some epithelial characteristics, including loss of tight 

junctions, and gain of glial characteristics, including expression of brain fatty acid-

binding protein (B-FABP, FABP7) (Anthony et al., 2004; Gotz and Huttner, 2005). 

Radial glial cells were originally believed to act solely as a scaffold for migrating 

neurons, but are now known to be the predominant neural precursor cell after the 

onset of neurogenesis (Anthony et al., 2004; Noctor et al., 2002) (Figure 1-2A). 

Along with B-FABP, radial glial cells are characterized by the expression of the 

intermediate filament proteins vimentin and nestin (Noctor et al., 2002; Park et al., 

2009). 
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During neurogenesis a subset of radial glial cells undergo asymmetric 

division, giving rise to two daughter cells. One daughter cell remains in the 

ventricular zone, while the second migrates out of the ventricular zone and 

differentiates into a neuron (Figure 1-2A). In the neocortex, there are six layers of 

cells that form in an inside out manner, with the deepest layer containing the first 

neurons that are formed, and later-stage neurons found in progressively more 

superficial layers (Stiles, 2008). Later in development, radial glial cells also 

produce an intermediate progenitor cell that migrates to the subventricular zone, 

and symmetrically divides to produce either two neurons or two progenitor cells. In 

the adult subventricular zone, astrocytes (type B cells), acting as neural stem cells, 

asymmetrically divide to produce transit amplifying cells (type C cells), which in 

turn produce neuroblasts (see Section 1.1.3) (Doetsch, 2003a; Doetsch et al., 

1999a; Doetsch et al., 1999b) (Figure 1-2B). 

 

1.2.2 The gliogenic switch 

There are three main types of glia cells found in brain: astrocytes, 

oligodendrocytes, and microglia. Glia cells account for 90% of the cells within the 

human brain. Astrocytes are heterogeneous and play many roles in the brain 

including structural support, metabolism, injury response, formation of the blood-

brain barrier, and synapse formation (Allen and Barres, 2009). Astrocytes are also 

important for regulation of synaptic activity, including bidirectional signaling 

between neurons and astrocytes (Araque et al., 2014; Panatier et al., 2011). 

Oligodendrocytes form the myelin sheath that surrounds neuronal axons, acting 
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Figure 1-2: Neural precursor cell differentiation. (A) During development, 
neuroepithelial cells produce radial glial cells, which act as neural precursor cells 
giving rise to neurons and glial cells. (B) In the adult subventricular zone, 
subventricular zone (SVZ) astrocytes act as neural stem cells giving rise to 
neurons and glial cells. 
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as insulators for the efficient transmission of electrical impulses in neurons 

(Freeman and Rowitch, 2013). Microglia are the resident immune cells in the brain 

(Aguzzi et al., 2013). Microglia originate in the yolk sac and migrate to the neural 

tube during development (Aguzzi et al., 2013). During gliogenesis, first astrocytes 

and then oligodendrocytes arise from progenitor cells in the developing central 

nervous system following neurogenesis (Rowitch and Kriegstein, 2010).  

The switch from neurogenesis to gliogenesis depends on both extrinsic and 

intrinsic signals that are temporally controlled (Okano and Temple, 2009). During 

neurogenesis, gliogenesis is repressed by limited progenitor cell competence and 

repression of necessary signaling and transcriptional pathways. During 

neurogenesis, epigenetic silencing of glial genes by CpG methylation inhibits 

transcription factor binding and activation (Namihira et al., 2004; Takizawa et al., 

2001). In neural precursor cells, the DNA methyltransferase DNMT1 associates 

with the promoter of the glial gene Gfap to silence transcription (Namihira et al., 

2009). In addition, expression of proneural basic helix-loop-helix (bHLH) proteins 

further inhibits gliogenesis (Ross et al., 2003; Sun et al., 2001b), and 

overexpression of proneural bHLH results in increased neurogenesis, and 

decreased gliogenesis (Cai et al., 2000; Miller and Gauthier, 2007). The proneural 

bHLH, neurogenin 1 (Ngn-1) binds and sequesters the transcriptional activator 

complex p300/CBP, which plays a vital role in gliogenic transcription through the 

Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway 

(Sun et al., 2001b). The JAK-STAT pathway is also repressed by inactivation 
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through the tyrosine phosphatase SHP-2-MEK-ERK pathway (Gauthier et al., 

2007).   

Independent of neurogenesis, gliogenic transcription is also inhibited in 

precursor cells to maintain undifferentiated cell populations. The nuclear receptor 

co-repressor (N-CoR), in complex with the Notch effector RBP-Jκ, binds to the 

promoter of GFAP and represses transcription. Brains from Ncor1-/- mice exhibit 

premature astrocyte differentiation (Hermanson et al., 2002). Activating 

transcription factor 5 (ATF5) is also important for maintenance of progenitor cells, 

and inhibits both neural and glial differentiation, preserving neural precursor cells 

(Angelastro et al., 2003; Angelastro et al., 2005; Mason et al., 2005).  

Near the end of neurogenesis, radial glial cells become permissive to glial 

differentiation. Young neurons express Notch ligands, activating Notch signaling 

in radial glial cells (Namihira et al., 2009). Notch signaling induces expression of 

nuclear factor IA (NFIA), which binds to the promoters of astrocyte-specific genes, 

resulting in the dissociation of DNMT1, and demethylation of these astrocytic 

genes (Namihira et al., 2009). Chicken ovalbumin upstream promoter-transcription 

factor I and II (COUP-TFI and II) also contribute to glial competency: knock-down 

of Coup-tfI/II in neurospheres results in maintenance of Gfap promoter 

methylation, and a decrease in glial cells in the developing mouse brain (Naka et 

al., 2008). As radial glial cells gain glial competence, neurogenesis is inhibited. 

The proneural bHLH Ngn1 is epigenetically inhibited by the polycomb group 

complex (PcG) (Hirabayashi et al., 2009), and proneural bHLHs are also inhibited 
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by negative bHLH proteins (Imayoshi and Kageyama, 2014; Nakashima et al., 

2001). 

 The onset of gliogenesis is regulated by multiple signaling pathways. 

Activation of the JAK-STAT signaling pathway in radial glial cells by the IL-6 family 

of cytokines, which includes ciliary neurotrophic factor (CNTF), leukemia inhibitory 

factor (LIF), and cardiotropin 1 (CT-1), induces astrocyte formation (Barnabe-

Heider et al., 2005; Bonni et al., 1997; Miller and Gauthier, 2007; Rajan and 

McKay, 1998). Young neurons secrete CT-1, which binds to the cytokine receptor 

gp130 and its co-receptor LIFR, activating JAK-STAT signaling (Barnabe-Heider 

et al., 2005). Upon phosphorylation of STAT1/3 by JAK, STAT1/3 translocates to 

the nucleus (Cattaneo et al., 1999) where it interacts with the transcriptional 

coactivator complex p300/CBP (Paulson et al., 1999), and activates transcription 

of astrocyte genes including GFAP and S100β (He et al., 2005). Bone 

morphogenetic protein (BMP) signaling also contributes to gliogenesis via 

activation of SMADs which synergistically interact with the STAT-p300/CBP 

complex (Nakashima et al., 1999). This occurs only once Ngn1 is repressed, as 

Ngn1 sequesters this complex during neurogenesis (Sun et al., 2001b). The 

MEK/ERK pathway also plays an important regulatory role. Deletion of Mek1/2 in 

radial glial cells results in loss of gliogenic differentiation, with dramatic loss of 

astrocytes and oligodendrocytes, while overactivation of MEK increases the 

number of glial cells (Li et al., 2012). 

 Production of astrocytes and oligodendrocytes following induction of 

gliogenesis is regulated in a spatiotemporal manner with numerous gliogenic 
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regulators contributing to differentiation (Rowitch and Kriegstein, 2010). 

Expression of the bHLH factors Olig 1 and 2 are critical for oligodendrocyte 

specification and differentiation (Emery, 2010; Imayoshi and Kageyama, 2014; 

Zhou and Anderson, 2002). Sox9 promotes gliogenesis, while Sox10 specifically 

promotes oligodendrocyte specification and differentiation (Stolt et al., 2003; Stolt 

et al., 2002; Wang et al., 2014). Sox9 and Sox10 can both form complexes with 

NFIA and Olig2, and depending on expression of these components, modify 

astrocytic and oligodendrocytic genes and cell fate (Glasgow et al., 2014; Kang et 

al., 2012). The role of NFIA in gliogenesis and glial differentiation will be discussed 

further in Section 1.3.4 

 

 1.3 Nuclear Factor I (NFI) 

1.3.1 The NFI transcription factor family 

The transcription factor Nuclear Factor I (NFI) was first identified as a host-

encoded DNA binding factor necessary for viral gene replication (Nagata et al., 

1982; Nagata et al., 1983). Upon further examination, NFI was found to be identical 

in polypeptide composition and biochemical properties to the CCAAT-binding 

transcription factor (CTF) (Jones et al., 1987) that was first identified as a factor 

binding to CCAAT elements in various gene promoters (Cohen et al., 1986; Jones 

et al., 1985). This revealed that in addition to its role in viral gene replication, NFI 

is a sequence-specific transcription factor (Jones et al., 1987; Santoro et al., 1988). 

NFI binds to the palindromic consensus sequence TTGGC(N5)GCCAA on double-

stranded DNA (Borgmeyer et al., 1984; Gronostajski, 1986; Gronostajski et al., 
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1985; Leegwater et al., 1986), and putative and validated NFI binding sites have 

been identified in a large variety of genes, including genes expressed in mammary, 

lung, and muscle tissue, and in the CNS  (Amemiya et al., 1992; Hebbar and 

Archer, 2007; Lajoie et al., 2014; Messina et al., 2010; Murtagh et al., 2003). 

The NFI transcription factor family consists of four family members in 

vertebrates: NFIA, NFIB, NFIC and NFIX (Gronostajski, 2000; Kruse et al., 1991; 

Rupp et al., 1990). Both C.  elegans and D. melanogaster have a single NFI gene 

(Fletcher et al., 1999). NFI contains an N-terminal DNA binding and dimerization 

domain, and a C-terminal transactivation domain (Figure 1-3) (Mermod et al., 

1989). The N-terminal domain is highly conserved (~80-90%) among NFI family 

members, while the C-terminus shows much more variability, ranging from 39-60% 

sequence homology at the protein level (Mason et al., 2009). All four NFI RNAs 

undergo alternative splicing, resulting in additional complexity and control. NFIs 

contain 11-12 exons, with the largest exon, exon two, containing the DNA binding 

and dimerization domain (Fletcher et al., 1999; Grunder et al., 2003). Splicing 

occurs primarily in the C-terminus, resulting in multiple isoforms with varying 

transactivational activity (Apt et al., 1994; Grunder et al., 2003; Kruse and Sippel, 

1994a; Prado et al., 2002).   

NFI dimerization is essential for DNA binding (Armentero et al., 1994), with 

NFIs binding DNA as both homodimers and heterodimers. Homodimers and 

heterodimers bind the NFI consensus binding site with the same apparent affinity 

(Kruse and Sippel, 1994b; Mason et al., 2009) and specificity in vitro (Osada et al., 

1999). However, each NFI demonstrates different binding affinities to NFI binding 
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sites identified in different promoters (Osada et al., 1999). For example, NFIB and 

NFIX bind to the NFI binding site in the whey acidic protein gene with greater 

affinity than NFIA, whereas NFIA and NFIX have greater affinity for NFI binding 

sites in the HMG-CoA reductase and glutathione transferase P genes than NFIB 

and NFIC (Mukhopadhyay et al., 2001; Osada et al., 1999). 

  The C-terminal transactivation domain varies widely among family 

members, such that each family member has unique transactivation potential 

(Chaudhry et al., 1998). NFIs are also able to repress expression of genes (Cooke 

and Lane, 1999a; Cooke and Lane, 1999b). A proline-rich domain, first identified 

in NFIC (399-499 aa), potently activates transcription (Mermod et al., 1989). 

Additional residues between 220-399 aa further drive transcription in cooperation 

with this proline-rich domain (Mermod et al., 1989). Proline-rich domains were 

subsequently found in NFIA, NFIB and NFIX (Gronostajski, 2000; Osada et al., 

1999). Within the proline-rich domain of NFIC there is a repeat of the C-terminal 

domain (CTD) heptapeptide repeat (PTSPSYS) found in RNA polymerase II that, 

when mutated or deleted from the NFIC C-terminus, results in loss of 

transcriptional activity in a reporter assay in yeast (Wendler et al., 1994; Xiao et 

al., 1994). The proline-rich domain of NFIC has been shown to interact with general 

transcription factors TFIIB (Kim and Roeder, 1994) and TATA-binding protein 

(TBP) (dependent on presence of CTD) (Xiao et al., 1994). Notably, alternatively 

spliced NFIC isoforms lacking this repeat still activate transcription, and NFIA, 

NFIB and NFIX do not have a well conserved heptapeptide repeat (Altmann et al., 

1994; Gronostajski, 2000), indicating that NFI transcription activity can be 
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Figure 1-3: NFI protein organization. Approximate size in kDa listed above. 
Exons marked by lines, with exon numbers below. Shown is largest identified 
splice variant, additional isoforms contain alternative spliced exons. Adapted 
from Gronostajski et al. (Gronostajski, 2000). 
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mediated through different mechanisms.  

NFIC has been shown to relieve histone H1-mediated repression of 

transcription (Dusserre and Mermod, 1992) and interact with histone H3 to 

contribute to chromatin remodeling at target binding sites (Alevizopoulos et al., 

1995). In the context of the chromosome, NFI binding to a consensus recognition 

element in the mouse mammary tumour virus (MMTV) promoter stabilizes an open 

nucleosome conformation thereby facilitating binding and transactivation by 

additional factors (Di Croce et al., 1999). Of note, this action requires only the N-  

 terminal DNA binding domain of NFI, suggesting multiple roles for NFI in 

regulating transcription (Di Croce et al., 1999). NFIC can prevent silencing of 

telomeric genes by maintaining chromatin in an open configuration (Esnault et al., 

2009). NFI regulatory activity can also be facilitated through interaction with 

additional factors, including the transactivation complex p300/CBP (Leahy et al., 

1999), and other site-specific transcription factors such as FOXA1 (Grabowska et 

al., 2014), hepatocyte nuclear factor 1 alpha (Satoh et al., 2005), thyroid 

transcription factor 1 (Bachurski et al., 2003), Sox9 (Kang et al., 2012), and Sox10 

(Glasgow et al., 2014).    

 

1.3.2 Regulation of NFI activity 

Phosphorylation of NFI in response to multiple signaling pathways has been 

reported, suggesting that regulation of NFI activity through post-translational 

modification provides an additional layer of regulatory control on the expression of 

NFI target genes. NFI phosphorylation by DNA-PK was first reported by Jackson 
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et al. (Jackson et al., 1990) who also reported that NFI can undergo O-

glycosylation (Jackson and Tjian, 1988). Kawamura et al. further demonstrated 

that NFI could be phosphorylated by Cdk1 in vitro, and phosphorylation did not 

appear to alter its in vitro DNA binding affinity (Kawamura et al., 1993). Multiple 

phosphorylated forms of NFI were observed in actively growing 3T3-L1 cells, as 

well as in quiescent 3T3-L1 cells upon overexpression of c-Myc (Yang et al., 1993). 

NFI-dependent promoter activity was decreased in cells overexpressing c-Myc and 

in actively growing cells compared to quiescent cells, suggesting an association 

between phosphorylated NFI and decreased promoter activity (Yang et al., 1993). 

Additional work in 3T3-L1 adipocytes revealed that NFI is rapidly phosphorylated 

in response to insulin signaling (Cooke and Lane, 1999b).  

Multiple phosphorylated forms of NFI have also been identified in MG cell 

lines, with phosphorylation correlating with decreased expression of NFI target 

genes (Bisgrove et al., 2000), consistent with the findings in adipocytes. In 

contrast, tyrosine phosphorylation of NFIC in mammary epithelial cells by nuclear 

Jak2 results in increased activity. In these cells, prolactin activates Jak2, which 

phosphorylates NFI-C2, the dominant isoform in these cells, protecting NFI-C2 

from proteasomal degradation, and resulting in increased transcriptional activation 

of target genes (Nilsson et al., 2006).  

 NFI activity is regulated by transforming growth factor beta (TGF-β) and 

tumour necrosis factor alpha (TNF-α), suggesting that NFI is a mediator of the 

opposing actions of these two signaling molecules (Alevizopoulos and Mermod, 

1996). TGF-β induces activity of the NFIC C-terminus proline-rich transactivation 
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domain, with the TGF-β responsive domain in NFIC located in the extreme C-

terminus (472-499 aa) (Alevizopoulos et al., 1995). This same domain is repressed 

by TNF-α (Alevizopoulos and Mermod, 1996). Mutation of putative phosphorylation 

sites in the 472-499 aa domain does not affect response to TGF-β and TNF-α, 

suggesting that regulation of NFIC by these two factors is not through direct NFIC 

phosphorylation (Alevizopoulos and Mermod, 1996). Of considerable interest, 

TGF-β induction of NFI activity is calcium-dependent, and expression of 

constitutively active calcium/calmodulin-dependent phosphatase calcineurin or 

calcium/calmodulin-dependent kinase IV (CaMKIV) in fibroblasts also activates the 

NFIC transactivation domain (Alevizopoulos et al., 1997).   

 

1.3.3 NFI knockout mice 

In the adult mouse, all four NFIs are expressed at the mRNA level in the 

brain, heart, lung, liver, kidney, and muscle, with varying expression in the spleen 

and testis. During development, NFIA mRNA is detected first in the brain and heart, 

followed by NFIB in the developing lungs, and NFIC in the aortic arch and dorsal 

root ganglia (Chaudhry et al., 1997). As development progresses, NFIA, NFIB, and 

NFIX are all expressed in the developing brain, including the neocortex, and 

ventricular zone (Chaudhry et al., 1997). NFIC and NFIX RNA levels are higher in 

liver than NFIA and NFIB RNA levels. In the lung, NFIB is more highly expressed 

than NFIA, NFIC, and NFIX. In developing skeletal muscle, NFIX is expressed first, 

followed by NFIA and NFIC. The only NFI detected in the gonads is NFIA 
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(Chaudhry et al., 1997). This work reveals distinct but overlapping expression 

patterns in specific tissues throughout development and differentiation. 

To identify the specific roles of each NFI family member, mouse knockouts 

of each member have been generated. These mouse models reveal unique but 

overlapping roles for NFIs, with the phenotypes observed in Nfia-/-, Nfib-/-, and 

Nfix-/- mice demonstrating important roles for all three NFIs in brain development 

(das Neves et al., 1999a; Driller et al., 2007; Shu et al., 2003). Nfia-/- mice exhibit 

perinatal lethality, with 95% of mice dying within two weeks of birth. Examination 

of the brains of Nfia-/- mice revealed agenesis of the corpus callosum, 

hydrocephalus, disruption of midline glial structures, and delayed neuronal and 

glial differentiation (das Neves et al., 1999a; Shu et al., 2003; Wong et al., 2007). 

Nfia-/- mice also display kidney and ureteral defects (Lu et al., 2007). Nfib-/- mice 

die at birth due to severe lung hyperplasia as a result of delayed lung maturation 

(Hsu et al., 2011; Steele-Perkins et al., 2005). Nfib-/- mice also display brain 

phenotypes similar to those of Nfia-/- mice, with additional loss of neural precursor 

cells leading to disruption of neurogenesis in the cortex  (Barry et al., 2008; 

Betancourt et al., 2014; Piper et al., 2014; Steele-Perkins et al., 2005).  

In contrast to Nfia-/- and Nfib-/- mice, Nfic-/- mice are viable, but have 

defects in tooth root development (Steele-Perkins et al., 2003). Disruption of Nfix 

results in postnatal lethality in mice, and similar to Nfia-/- and Nfib-/- mice, Nfix-/- 

mice display delayed maturation of neuronal and glial lineages (Driller et al., 2007; 

Heng et al., 2014; Piper et al., 2011). Reports vary on whether loss of Nfix results 

in partial agenesis of the corpus callosum and hydrocephalus but midline glia are 
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maintained (Campbell et al., 2008; Driller et al., 2007). In addition, 

hyperproliferation of neural precursor cells is detected in the brains of Nfix-/- mice 

in stark contrast to Nfia-/- and Nfib-/- mice (Campbell et al., 2008). These mice also 

display skeletal and gastrointestinal defects (Driller et al., 2007).  

Gene expression analysis of different NFI family members in knock-out 

mice reveals additional complexity through compensatory pathways. For example, 

a modest increase in Nfib expression (1.3-fold) is observed in the brains of Nfia-/- 

mice (Wong et al., 2007), whereas Nfia expression is increased 2.2 fold in the 

brains of Nfib-/- mice, with no change in expression of Nfic or Nfix (Steele-Perkins 

et al., 2005). In Nfib-/- lungs, expression of Nfia is up-regulated 5.1-fold, and Nfic 

and Nfix levels are increased by ~3 fold (Steele-Perkins et al., 2005). This suggests 

that there is tissue-specific crosstalk between the different members of the NFI 

family, and that the different family members are not interchangeable, as indicated 

by the severe phenotype observed in the lungs of Nfib-/- mice despite increases in 

Nfia, Nfic, and Nfix in this tissue (Steele-Perkins et al., 2005). 

 

1.3.4 NFI in gliogenesis 

 Expression of Nfia, Nfib, and Nfix in the developing brain, combined with 

the major disruptions evident in brain development in the corresponding knockout 

mice indicates an important role for the NFI family in regulating development and 

differentiation in the CNS. The phenotypes observed in Nfia-/-, Nfib-/-, and Nfix-/- 

mice (das Neves et al., 1999a; Heng et al., 2014; Piper et al., 2014; Piper et al., 

2010; Steele-Perkins et al., 2005), particularly the delayed differentiation of glial 
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cell populations and disruption of progenitor cells, suggest a role for NFI in the 

regulation of gliogenesis. This is further supported by the regulation of the glial 

specific gene GFAP by NFI in differentiating astrocytes in vitro (Cebolla and 

Vallejo, 2006) and in vivo (Deneen et al., 2006; Glasgow et al., 2014). 

 In the developing spinal cord, NFIA and NFIB expression is induced in the 

ventricular zone at the onset of gliogenesis (Deneen et al., 2006). In a chicken 

model, early expression of NFIA or NFIB induces expression of glial genes 

including B-FABP, FGFR3, and GLAST, while loss of NFIA results in loss of NFIB 

expression, along with a decrease of glial progenitor cells, both in the astrocytic 

and oligodendroglial lineages (Deneen et al., 2006). Following gliogenesis, NFIA 

and NFIB further promote astrocyte differentiation (Deneen et al., 2006). In the 

same model, NFIA was also shown to be necessary for maintenance of progenitor 

cells, such that knockdown of NFIA results in decreased expression of progenitor 

cell markers and ectopic neurogenesis (Deneen et al., 2006). Expression of the 

Notch effector Hes5 is decreased when NFIA is knocked down (Deneen et al., 

2006), and Hes genes are vital to the maintenance of neural precursor cells 

(Ohtsuka et al., 2001). Expression of Notch effectors can rescue the defect in 

progenitor cell maintenance upon NFIA knockdown, but is unable to restore normal 

glial cell differentiation (Deneen et al., 2006). In contrast to Hes5, NFIA represses 

expression of Hes1 in the telencephalic ventricular zone (Piper et al., 2010), 

suggesting that NFI regulation is tissue specific (Harris et al., 2015; Piper et al., 

2010). 
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Expression of NFIA is induced by Notch signaling and Sox9 in neural 

precursor cells. As seen in Section 1.2.2, Notch signaling induces expression of 

NFIA, which is necessary for demethylation of astrocyte-specific genes by 

displacing DNMT1 from the promoter of GFAP (Figure 1-4) (Namihira et al., 2009). 

NFI also directly binds the GFAP promoter in differentiating precursor cells at NFI 

consensus binding sites (Cebolla and Vallejo, 2006), and regulates transcription 

of GFAP (Gopalan et al., 2006b). Sox9 is expressed in neural precursor cells, and 

expression begins prior to gliogenesis (Scott et al., 2010; Stolt et al., 2003). In the 

spinal cord, Sox9 directly activates transcription of NFIA during gliogenesis, and 

then interacts with NFIA to coordinate expression of genes that are important in 

gliogenesis and glial precursors (Figure 1-4) (Kang et al., 2012).  

 As seen in chick spinal cord, NFIA and NFIB promote astrocyte 

differentiation of glial progenitor cells (Deneen et al., 2006), and expression of NFI 

is increased in fetal astrocytes (Malik et al., 2014). Apart from activation of 

astrocyte-specific genes, NFIA also represses oligodendrocyte differentiation by 

antagonizing the action of Sox10 (Figure 1-4) (Fancy et al., 2012; Glasgow et al., 

2014). Sox10 promotes differentiation of oligodendrocyte precursors into mature 

oligodendrocytes (Stolt et al., 2002). Interaction of Sox10 with NFIA represses 

promoter activity of NFIA target genes (Gfap and Apcdd1) expressed in astrocytes. 

Conversely, NFIA interaction with Sox10 represses expression of oligodendrocyte 

specific genes, including myelin binding protein (MBP), proteolipid protein 1 

(PLP1), and myelin-associated glycoprotein (MAG) (Glasgow et al., 2014). In all of 
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these genes, Sox and NFI binding sites are located in close proximity (Glasgow et 

al., 2014).   

 In the adult brain, NFIA, NFIB and NFIX are detected in the subventricular 

zone, which contains neural stem cells (Heng et al., 2014; Plachez et al., 2012), 

and NFI binding elements are enriched in neural stem cells enhancers (Mateo et 

al., 2015). NFI binding is also enhanced in enhancers activated in a quiescent 

neural stem cell model, suggesting that NFIs may be important for maintenance of 

quiescence in these cells (Martynoga et al., 2013). Expression of NFIX, but not 

other NFIs, is increased in quiescent neural stem cells, and knockdown of NFIX in 

this model results in delayed quiescence (Martynoga et al., 2013). This suggests 

that during development, NFI promotes gliogenesis and astrocyte differentiation, 

but in the adult brain NFI may be important for the maintenance of neural stem 

cells (Harris et al., 2013; Martynoga et al., 2013).  

 

1.3.5 NFI in neuronal development 

While NFIA and NFIB promote glial specification and astrocyte 

differentiation, NFI may also play important roles in neuronal differentiation. In the 

developing murine olfactory bulb, NFIA and NFIB are expressed in distinct 

populations, with NFIA expressed in subventricular zone astrocytes, while NFIB is 

expressed in neuronal cells (Plachez et al., 2012). In the rostral migratory stream 

and adult subventricular zone, both NFIA and NFIB are expressed in astrocytes 

and neuroblasts, but expression is lost in interneurons, though expression of NFIB 
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Figure 1-4: Schematic of NFI in glial cell differentiation
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Figure 1-4: Schematic of NFI in glial cell differentiation. Activation of 
Notch signaling in neural precursor cells by ligands expressed on newborn 
neurons induces expression of NFIA and Sox9. NFIA binding at the 
promoters of astrocyte specific genes leads to dissociation of DNMT1 from 
these promoters, and subsequent demethylation of these promoters. This 
allows access of transcription factors, including NFIA and Sox9, which 
interact, to bind and activate transcription of astrocyte specific genes. NFIA, 
Sox9, and Notch signaling also contribute to maintenance of neural 
progenitor cells. NFIA antagonizes Sox10 to inhibit oligodendrocyte 
differentiation, and Sox10 antagonizes NFIA to suppress astrocyte 
differentiation. 
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is maintained in excitatory neurons (Plachez et al., 2012). This suggests that NFIs 

contribute not only to gliogenesis, but also to neuronal differentiation. 

NFIs have also been implicated in neuronal differentiation within the 

cerebellum. Cerebellar granular neuron maturation occurs in defined steps, 

characterized by proliferation, followed by exit from the cell cycle, differentiation,  

migration, and finally extension of dendrites and synapse formation (Chedotal, 

2010). NFIs are highly expressed in cerebellar granular neurons, and in these cells 

NFI regulates expression of the gamma-aminobutyric acid type a receptor 6 

(GABRA6) subunit, which is specifically expressed as cerebellar granular neurons 

mature (Wang et al., 2004). Early in development, the RE1 silencing transcription 

factor (REST) occupies the GABRA6 promoter, preventing NFI binding and 

activation of GABRA6 transcription until cerebellar granular neurons mature 

(Wang et al., 2011). 

Nuclear factor of activated T cells (NFAT) proteins also bind to the 

promoters of additional NFI regulated genes expressed in maturing cerebellar 

granular neurons. The close proximity of NFAT and NFI binding sites prevents NFI 

transactivation when these promoters are bound by NFAT (Ding et al., 2013). As 

cerebellar granular neurons mature, NFAT binding decreases and NFI is able to 

bind to these promoters and promote maturation of these cells (Ding et al., 2013). 

Expression of a dominant negative NFI revealed additional roles for NFI in axon 

extension, migration, dendritogenesis, and synapse formation in cerebellar 

granular neurons through regulation of cellular adhesion molecules including 

Ephrin B1, N-cadherin, and Tag-1, and signaling molecules including Wnt7a 
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(Kilpatrick et al., 2012; Wang et al., 2010; Wang et al., 2007). This suggests an 

important role for NFI in neuronal cells. 

 

1.3.6 NFI in malignant glioma 

NFIA RNA levels are significantly increased in GBM tumours compared to 

normal brain (Scrideli et al., 2008). At the protein level, NFIA expression is 

detected in all grades of astrocytoma: in grade II astrocytomas, NFIA was detected 

in ~80% of cells, compared to 48% of cells in grade III and 37% of cells in grade 

IV astrocytomas (Song et al., 2010). In contrast, NFIA was detected in ≤5% of cells 

in other brain tumours analyzed, including oligodendroglioma (Song et al., 2010). 

In an oligodendroglioma tumour model, where RasV12 is specifically targeted to 

cells in the oligodendrocyte lineage in the developing mouse cortex, forced 

expression of NFIA resulted in tumours that resembled astrocytomas (Glasgow et 

al., 2014), suggesting that NFIA is important for the astrocytic phenotype of MG 

tumours. 

In GBM tumours, NFIA expression is heterogeneous, with fewer positive 

cells in the main tumour mass, but more positive cells in perivascular infiltrating 

cells (Song et al., 2010). In MG (combined grades III and IV astrocytomas), 

expression of NFIA correlates with better survival in both adult and pediatric data 

sets (Song et al., 2010), but conversely, was shown to have a tumour promoting 

role in MG in both a cell culture and xenograft model of MG (Glasgow et al., 2013; 

Lee et al., 2014). Knockdown of NFIA in U87 MG cells orthotopically implanted in 

the brains of nude mice prevented tumour formation, whereas overexpression of 
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NFIA in the same model resulted in larger tumours, increased proliferation, and a 

dramatic increase in cells migrating away from the main tumour mass (Lee et al., 

2014).  

 In MG cell lines, NFI regulates expression of numerous genes that may 

contribute to migratory activity and tumourigenesis. GFAP expression is a defining 

characteristic of astrocytomas (Louis et al., 2007). NFI regulates the expression of 

GFAP in MG cell lines (Gopalan et al., 2006b; Singh et al., 2011a). B-FABP is a 

marker of radial glial cells in the developing brain (Feng et al., 1994). B-FABP and 

GFAP are co-expressed in a subset of MG cell lines (Godbout et al., 1998), and 

NFI binding sites in the B-FABP promoter are critical for promoter activity (Bisgrove 

et al., 2000). B-FABP expression increases migration and invasion in MG cell lines 

(Mita et al., 2007), and expression of B-FABP in GBM tumours correlates with a 

worse prognosis (Kaloshi et al., 2007; Liang et al., 2006). In MG tumours, B-FABP-

positive cells are primarily found in areas of infiltration, including perivascular cells, 

similar to expression of NFIA (Mita et al., 2007; Song et al., 2010).  

Overexpression of NFIX isoform 3 and NFIA in MG cell lines increases their 

migratory activity. This increase in migration is linked to activation of the secreted 

glycoprotein YKL-40, and repression of the plasminogen activator inhibitor PAI1 

(Lee et al., 2014; Singh et al., 2011a). NFI has previously been shown to activate 

transcription of the tumour suppressor gene TP53 in HeLa cells and in the 

mammary gland (Furlong et al., 1996; Johansson et al., 2003), and repress 

transcription of the gene encoding p21 (Ouellet et al., 2006; Singh et al., 2011b). 
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In MG cells, NFIA represses expression of both p53 and p21 (Glasgow et al., 2013; 

Lee et al., 2014).  

NFI has also been implicated in other tumour types. In breast cancer 

primary tumours, expression of NFIC represses epithelial-mesenchymal transition 

(EMT), and NFIC expression correlates with a better prognosis (Nilsson et al., 

2010). In contrast, NFIB expression is increased in triple-negative and Her2 

subtype breast cancers, and knockdown of NFIB in a breast cancer cell line 

reduces cell proliferation and activates apoptotic signaling (Moon et al., 2011). 

Increases in NFIB expression have also been detected in small cell lung cancer 

(SCLC), whereas, similar to breast cancer, knockdown of NFIB expression in cell 

lines results in decreased proliferation and increased apoptosis. Ectopic 

expression of NFIB in a mouse SCLC cell lines increase proliferation and 

anchorage independent growth, suggesting NFIB may be acting as an oncogene 

in these cells (Dooley et al., 2011).  

 

1.4 HEY1 

 

1.4.1 The Hey family of Notch effector genes 

The Notch signaling pathway plays a fundamental role in development, 

regulating gene expression programs during cell specification and differentiation 

(Bray, 2006). Members of the Hey (hairy/E(spl)-related with YPRW motif) family  

are closely related to the Hes family and Drosophila hairy and Enhancer of split 

genes, all of which are class E bHLH transcriptional repressors induced by Notch 

signaling (Nakagawa et al., 2000; Weber et al., 2014). The Hey family contains a 
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basic domain that binds E-box DNA sequences CACGTG and CACGCG (Heisig 

et al., 2012), followed by a helix-loop-helix (HLH) domain and an orange domain. 

The latter domains mediate homo- and heterodimerization and additional protein 

interactions with other bHLH proteins, transcription factors and cofactors (Fischer 

and Gessler, 2007). Two conserved motifs are found at the C-terminus of Hey 

family members, a YPRW motif similar to the WRPW motif found in the Hes family, 

and a TE(I/V)GAF motif (Leimeister et al., 1999).  

There is one Hey gene in D. melanogaster, and three mammalian genes: 

HEY1, HEY2, and HEYL [also known as Hes-related (Hesr) 1-3, hairy-related 

transcription factor (HRT) 1-3, and cardiovascular helix-loop-helix factor (CHF) 

2,1,3] (Kokubo et al., 1999; Leimeister et al., 1999; Nakagawa et al., 2000; 

Nakagawa et al., 1999). Ligands, including Delta and Jagged (delta like (DLL) 1/3/4 

and Jagged1/2 in mammals), expressed on neighboring cells bind to Notch 

receptors (1-4) on adjacent cells. Upon activation of Notch receptors, proteolysis 

releases Notch intracellular domain (NICD) from the membrane, which then 

translocates to the nucleus and, with mastermind-like protein (MAML), binds to its 

DNA binding partner RBP-Jκ (Ables et al., 2011; Bray, 2006). In the absence of 

NICD and MAML, RBP-Jκ interacts with co-repressors and represses transcription 

in a sequence-specific manner (Ables et al., 2011). Binding of NICD and MAML to 

RBP-Jκ recruits co-activators and displaces co-repressors, transforming the 

complex into a transcriptional activator (Ables et al., 2011). The promoters of 

mouse Hey1, Hey2, and HeyL all contain RBP-Jκ binding sites and are 
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upregulated in response to Notch signaling downstream of RBP-Jκ (Iso et al., 

2002; Iso et al., 2001a; Maier and Gessler, 2000; Nakagawa et al., 2000).  

In addition to regulation by Notch, HEY1 is also regulated by additional 

pathways. HEY1 is direct target of TGFβ/Smad signaling (Sharff et al., 2009; 

Zavadil et al., 2004). Bone morphogenetic proteins (BMPs) 2, 7, and 9, which are 

members of the TGF-β super family, activate HEY1 expression in mesenchymal 

progenitor cells during differentiation (Lavery et al., 2009; Liu et al., 2007; Sharff 

et al., 2009). In endothelial cells of the vascular system, CoupTF-II represses 

expression of HEY1 and HEY2 to inhibit arterial differentiation (Aranguren et al., 

2013). HEY1 expression is also induced by E2F transcription factors: E2F binding 

sites are present in the HEY1 promoter, and E2F transcription factors bind the 

HEY1 promoter (Hulleman et al., 2009).  

Hey1, Hey2, and HeyL are expressed in distinct patterns during mouse 

development. Hey1 is expressed in multiple developing tissues, including 

developing somites, heart, nervous system, limb buds, muscle precursors, and the 

craniofacial region (Leimeister et al., 1999). Similarly, Hey2 is expressed in the 

developing somites, heart, nervous system, and craniofacial region (Leimeister et 

al., 1999). Of note, in the developing heart and nervous system, Hey1 and Hey2 

are expressed in different subpopulations (Leimeister et al., 1999; Nakagawa et 

al., 1999). HeyL is also expressed in developing somites, the PNS, and in the 

vasculature (Leimeister et al., 2000). Hey1-/- and HeyL-/- mice are viable, but 

Hey1-/- mice exhibit behavioral defects (Fischer et al., 2004; Fuke et al., 2006). 

Double knockout of Hey1 and HeyL in mice is postnatal lethal due to cardiac 
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defects (Fischer et al., 2007). Similarly, Hey2-/- mice have cardiac defects and 

high postnatal lethality (Donovan et al., 2002; Gessler et al., 2002; Sakata et al., 

2002), whereas Hey1/Hey2 deletion is embryonic lethal due to major vascular 

defects (Fischer et al., 2004). 

Atrioventricular explants from Hey1/HeyL-/- and Hey2-/- embryos showed 

impaired epithelial-to-mesenchymal transition, similar to Notch1-/- explants, 

demonstrating an important role for the Hey family in transduction of Notch 

signaling in cardiac development (Fischer et al., 2007). Additionally, the Hey family 

plays important roles in muscle stem cell homeostasis and bone development 

(Fukada et al., 2011; Sharff et al., 2009; Zanotti and Canalis, 2013). Hey1/Hey2 

null nice exhibit decreased body and skeletal muscle weight, and satellite cells 

(muscle stem cells) from these mice express differentiation markers and fail to 

enter an undifferentiated quiescent state, demonstrating an important role in 

progenitor cell maintenance (Fukada et al., 2011).  

Hey proteins transcriptionally repress target genes through interactions with 

transcriptional repressors including histone deacetylases and repressor 

complexes (Iso et al., 2001b; Takata and Ishikawa, 2003). In addition, Hey proteins 

can also bind transcriptional activators and repress transcription of the target 

genes of these transcriptional activators, including GATA transcription factors and 

MyoD (Fischer et al., 2005; Sun et al., 2001a; Weber et al., 2014). (Nakagawa et 

al., 2000). Multiple targets have been identified by microarray and chromatin 

immunoprecipitation, including Hey members themselves, suggesting a negative 

feedback loop (Heisig et al., 2012). Hey target genes are enriched for 
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transcriptional regulators, developmentally regulated genes and genes involved in 

differentiation (Heisig et al., 2012). This analysis also revealed that regulation by 

different Hey family members is highly redundant, despite different expression 

patterns, suggesting that the varied phenotypes of knockout mice are due mainly 

to the cells in which the Hey family members are expressed in (Heisig et al., 2012).  

 

1.4.2 Hey1 in the brain 

Notch signaling in neural development regulates maintenance of progenitor 

cells and promotes gliogenesis (Morrison et al., 2000; Namihira et al., 2009; 

Pierfelice et al., 2011; Taylor et al., 2007). Hes1 and Hes5 are necessary for 

maintenance of neural progenitor cells in the brain (Ohtsuka et al., 2001). Hes1, 

but not Hes5, further promotes astrocyte differentiation following the onset of 

gliogenesis (Wu et al., 2003), while both Hes1 and Hes5 promote gliogenesis in 

the retina (Furukawa et al., 2000; Scheer et al., 2001). Hey1 and Hey2 are both 

expressed in the ventricular zone of the developing brain and spinal cord, with 

Hey1 expression observed throughout the brain while Hey2 expression is more 

restricted (Sakamoto et al., 2003). HeyL is expressed in the telencephalon and 

olfactory bulb (Leimeister et al., 2000). 

Similar to Hes1 and Hes5, Hey1 and Hey2 both promote maintenance of 

neural precursor cells in the developing brain (Sakamoto et al., 2003). 

Misexpression of these genes during neurogenesis in the mouse ventricular zone 

results in expansion of neural precursor cells and decreased neurogenesis, while 

misexpression later in development results in increased production of astrocytes 
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(Sakamoto et al., 2003). HEY1 expression is increased in astrocytes compared to 

neural stem cells (Malik et al., 2014), and Hey1 and Hey2 both inhibit the 

transcriptional activity of the proneural bHLH genes Ascl1 (Mash1) and NeuroD4 

(Math3) (Sakamoto et al., 2003). Oligodendrocyte differentiation is promoted by 

signaling through sonic hedgehog (Shh) (Nery et al., 2001), and inhibited by BMP4 

signaling (Gomes et al., 2003). Treatment of oligodendrocyte precursors cells with 

BMP4 induces astrocyte differentiation and increased expression of Notch 

effectors, including Hey1, Hey2, Hes1, and Hes5 (Wu et al., 2012). In contrast to 

Hey and Hey2, HeyL promotes neuronal differentiation and activates the promoter 

of the proneural bHLH gene Neurog2, whereas Hey1 represses Neurog2 promoter 

activity (Jalali et al., 2011).  

 

1.4.3 HEY1 in malignant glioma 

Disruption of Notch signaling in MG through dysregulation of Notch ligands 

and receptors has previously been reported, although the role of Notch signaling 

in tumour development and growth remains unclear (Alqudah et al., 2013; El Hindy 

et al., 2013; Purow et al., 2005; Stockhausen et al., 2010; Xu et al., 2009). One 

study reported NOTCH1, 3, and 4, but not NOTCH2 expression in astrocytomas, 

with increased expression correlated to increasing grade (Xu et al., 2009). 

However, another study found higher expression of NOTCH1 in grade II and III 

astrocytomas compared to grade IV tumours (Dell'albani et al., 2014). Purow et al. 

(Purow et al., 2005) reported that expression of NOTCH1 in the cytoplasm did not 

vary between astrocytoma tumour grades; however, Notch1 in the nucleus was 
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higher in grade II and III tumours compared to grade IV tumours, and this finding 

was mirrored by expression of the Notch ligand DLL1 (Purow et al., 2005). In 

contrast, highest levels of the ligand Jagged-1 (JAG-1) were observed in grade IV 

tumours (Purow et al., 2005). Upon knockdown of NOTCH1, DLL1, and JAG1 with 

siRNA, MG cell lines showed decreased proliferation. Knockdown of both 

NOTCH1 or DLL1, but not JAG-1, further increased cell death in MG cell lines, and 

increased survival in an orthotopic tumour model, suggesting that Notch signaling 

may contribute to MG cell proliferation and survival (Purow et al., 2005). 

Upregulation of Notch pathway genes, including HEY1, in MG correlates with 

increased expression of hypoxia markers, and Notch signaling has been implicated 

in promoting angiogenesis in MG cell lines and tumours (El Hindy et al., 2013; 

Guichet et al., 2015; Irshad et al., 2015; Nandhu et al., 2014).  

HEY1 is expressed in astrocytoma tumours, with an increase in cells 

expressing HEY1 correlating with increasing tumour grade (Hulleman et al., 2009). 

Of note, expression of HEY1 correlates significantly with decreased overall survival 

and disease free survival in GBM patients. In a small cohort of 62 GBM cases, 

patients with HEY1-negative GBM tumours survived twice as long as patients with 

HEY1-positive tumours (21.67 vs 10.87 months) (Gaetani et al., 2010; Hulleman 

et al., 2009). In MG cell lines, knockdown of HEY1 decreases proliferation in 

HEY1-expressing cells, while ectopic expression of HEY1 in neural stem cells 

isolated from mice increases neurosphere size, suggesting that HEY1 contributes 

to cell growth (Hulleman et al., 2009). 
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 1.5 Calcineurin 

1.5.1 Calcineurin structure and function 

Calcineurin, also referred to as protein phosphatase 2B (PP2B), and protein 

phosphatase 3 (PPP3), is a calcium/calmodulin-dependent serine/threonine 

phosphatase (Hogan and Li, 2005; Klee et al., 1979). Calcineurin is composed of 

two subunits, a catalytic subunit, calcineurin A (CNA), and a regulatory subunit, 

calcineurin B (CNB) (Hogan and Li, 2005). CNA is a 60 kDa subunit composed of 

an N-terminal catalytic domain, followed by a CNB binding domain, a calmodulin 

binding domain, and at the C-terminus, an auto-inhibitory domain (Figure 1-5A) (Li 

et al., 2011). The regulatory CNB subunit is 19 kDa, and consists of 4 EF-hand 

motifs that bind Ca2+ ions (Kakalis et al., 1995). Calmodulin (CaM) is a ubiquitous 

17 kDa protein that acts as a calcium sensor, and also contains 4-EF-hand motifs 

to bind Ca2+ (Tidow and Nissen, 2013). CaM binding to calcineurin is calcium 

dependent, and is necessary for full activity (Li et al., 2011). Upon activation by 

calcium signaling, calcineurin dephosphorylates target substrates (Klee et al., 

1998). 

In humans, three isoforms of CNA have been identified, encoded by three 

separate genes, PPP3A, PPP3B, and PPP3C, encoding CNAα, CNAβ, and CNAγ 

(Eastwood et al., 2005; Rusnak and Mertz, 2000). The three isoforms have 

variable N and C-terminal tails, but are otherwise highly conserved. CNAα and 

CNAβ are ubiquitously expressed, with high expression in the brain (Kuno et al., 

1992; Rusnak and Mertz, 2000). CNAγ was originally believed to be testis-specific 

(Muramatsu et al., 1992), but has also been detected in the brain (Eastwood et al., 
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2005; Gerber et al., 2003). CNB is encoded by two separate genes, PPP3R1, 

which is widely expressed, and PPP3RL, which is testis-specific (Liu et al., 2005b; 

Rusnak and Mertz, 2000; Ueki et al., 1992). Inhibition of calcineurin activity by the 

immunosuppressive agents cyclosporin A (CsA) and FK506 (a.k.a tacrolimus) 

revealed an important role for calcineurin in regulating T cell activation through the 

NFAT family (Clipstone and Crabtree, 1992; Liu et al., 1992; Shaw et al., 1995). 

CNAα-/- mice have normal T-cell development, but show defective T-cell response 

to antigen (Zhang et al., 1996), impaired kidney development (Gooch et al., 2004), 

and defects in bone formation (Sun et al., 2005). In the brain, there is accumulation 

of hyperphosphorylated tau, a critical component of neurofibrillary tangles seen in 

Alzheimer’s disease (Kayyali et al., 1997), and defects in synaptic depotentiation 

(Zhuo et al., 1999). CNAβ-/- mice have more severe defects in T-cell development 

and response than CNAα-/- mice (Bueno et al., 2002; Manicassamy et al., 2008), 

and show defects in cardiac hypertrophic response and hyperlipidemia (Suk et al., 

2013). These phenotypes demonstrate isoform-specific functions.  

 Calcineurin substrate specificity remains poorly understood. A PxIxIT motif 

first identified in NFAT1 interacts with CNA (Aramburu et al., 1999; Garcia-Cozar 

et al., 1998). In addition, NFAT also interacts with CNA through a second, less 

conserved binding site LxVP (Liu et al., 1999; Park et al., 2000; Rodriguez et al., 

2009). PxIxIT motifs have been identified in many calcineurin substrates and 

interacting proteins including the potassium channel substrate TRESK, and 

calcineurin targeting protein A-kinase anchoring protein AKAP-79 (Li et al., 2011). 

Kinase suppressor of Ras 2 (KSR2) interacts and is dephosphorylated by 
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calcineurin via an LxVP motif (Li et al., 2011). Interaction of an LxVP peptide with 

calcineurin requires both CNA and CNB subunits, Ca2+ and calmodulin, 

demonstrating that interaction at this docking site requires calcineurin to be in an 

active state (Li et al., 2011). This docking site is close to the active site of 

calcineurin and is essential for binding the immunosuppressant inhibitors CsA and 

FK506 (Rodriguez et al., 2009). In contrast, the PxIxIT binding site is accessible in 

both active and inactive calcineurin (Li et al., 2011). Additional calcineurin 

substrates contain neither LxVP or PxIxIT motifs, suggesting additional motifs may 

contribute to substrate binding and dephosphorylation (Li et al., 2011).  

 The NFAT family is the best characterized target of calcineurin (Jain et al., 

1993; Li et al., 2011). In resting cells, NFAT is inactive, phosphorylated, and 

sequestered in the cytoplasm (Hogan et al., 2003; Shaw et al., 1995). Upon 

calcium signaling, calcineurin is activated and dephosphorylates multiple serines 

in the N-terminal regulatory domain of NFAT family members (Hogan et al., 2003). 

Following dephosphorylation, NFAT translocates to the nucleus, where it binds 

DNA and activates transcription of numerous genes (Beals et al., 1997; Hogan et 

al., 2003; Shaw et al., 1995; Shibasaki et al., 1996). In T cells, binding of the T-cell 

receptor results in release of calcium from intracellular stores, which activates 

sustained Ca2+ entry through Ca2+ release activated Ca2+ (CRAC) channels 

(Macian, 2005). Calcineurin is activated and NFAT is dephosphorylated and 

shuttles to the nucleus where it binds to the promoters of T cell activated proteins 

including interleukin 2 (IL-2) and interleukin 3 (IL-3), to induce transcription (Hogan 

et al., 2003; Serfling et al., 2000). The immunosuppressant actions of CsA and 
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FK506, specific inhibitors of calcineurin, are mediated by inhibiting 

dephosphorylation of NFAT by calcineurin in immune cells, especially T cells 

(Hogan et al., 2003; Liu et al., 1991; Matsuda et al., 2000; Shaw et al., 1995).  

 

1.5.2 Regulation of calcineurin activity 

As a calcium-dependent phosphatase, calcineurin is activated by calcium 

signaling. CNA and CNB interact tightly even in low calcium conditions (Stemmer 

and Klee, 1994). CNB has 4 EF hand domains that bind 4 Ca2+ ions. Two domains 

are high affinity sites, and stabilize interaction with CNA (Kakalis et al., 1995; 

Stemmer and Klee, 1994). The other two domains have lower affinity, and 

occupation of these sites causes a conformational change that makes the CaM 

binding domain of CNA accessible to CaM (Klee et al., 1998; Yang and Klee, 

2000). CaM binding is necessary for the displacement of the CNA autoinhibitory 

domain from the catalytic site (Kissinger et al., 1995; Li et al., 2011).   

Calcineurin is further regulated by interaction with additional proteins. 

Regulators of calcineurin (RCANs) include RCAN1 (a.k.a DSCR1, MCIP1, 

Adapt78, calcipressin1), RCAN2 (a.k.a ZAKI-4, DSCR1L1, calcipressin2), RCAN3 

(a.k.a. DSCR1L2, MCIP2), and RCAN4 (Davies et al., 2007). These proteins can 

bind to and inhibit calcineurin activity (Fuentes et al., 2000; Kingsbury and 

Cunningham, 2000; Rothermel et al., 2000). In contrast, RCANs may also 

stimulate calcineurin activity, as disruption of RCAN genes in mouse and yeast 

results in decreased calcineurin activity (Kingsbury and Cunningham, 2000; Sanna 

et al., 2006; Vega et al., 2003). RCANs bind calcineurin at the same site as NFAT, 
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and one mechanism of action is via competition for binding (Martinez-Martinez et 

al., 2009). A second mechanism is through direct inhibition mediated by the 

extreme C-terminus of RCAN1 (Martinez-Martinez et al., 2009). RCANs are widely 

expressed, and expression of RCAN1 is upregulated in response to stress, 

suggesting RCANs may function in adaption to stress (Ermak et al., 2002; Li et al., 

2011).  

Subcellular localization of calcineurin is also an important regulator of 

calcineurin activity. Calcineurin is predominantly cytosolic in unstimulated cells 

(Hallhuber et al., 2006; Shibasaki and McKeon, 1995). However, in response to 

calcium signaling, calcineurin can translocate to the nucleus to interact with target 

substrates (Shibasaki et al., 1996). In the heart, nuclear accumulation is observed 

in response to myocardial infarction (Hallhuber et al., 2006). A nuclear localization 

signal (NLS) in the catalytic domain of CNA is necessary for nuclear import of 

activated calcineurin via importin β1, and a nuclear export signal (NES) is present 

in the C-terminus of CNA (Figure 1-5A) (Hallhuber et al., 2006). Interestingly, the 

auto-inhibitory domain of CNA regulates nuclear import and export by masking the 

NLS in inactive calcineurin, in addition to binding the catalytic site (Hallhuber et al., 

2006; Li et al., 2011). Subcellular localization is also mediated by interaction with 

targeting proteins. The AKAP 79/150 scaffold anchors PKC, PKA, and calcineurin 

at distinct subcellular locations (Coghlan et al., 1995). This complex has been 

implicated in neuronal signaling (Coghlan et al., 1995; Dacher et al., 2013; Jurado 

et al., 2010; Oliveria et al., 2007).  
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The auto-inhibitory domain of calcineurin is located in the C-terminus of CNA 

(Hallhuber et al., 2006). In the myocardium, hypertrophy is characterized by 

increases in calcineurin activity (Ritter et al., 2002). Increased activity is due to 

proteolysis of calcineurin by the Ca2+-dependent cysteine-protease calpain in the 

C-terminus of CNA, resulting in a cleaved 48 kDa form of CNA with the auto- 

inhibitory domain removed (Burkard et al., 2005; Hallhuber et al., 2006). This 

cleaved form is constitutively active, and localizes to the nucleus (Burkard et al., 

2005). Cleaved forms of CNA have also been observed in the brains of Alzheimer 

disease patients, in response to neurotoxicity, and in a glaucoma model (Huang et 

al., 2005; Liu et al., 2005a; Wu et al., 2004). In Alzheimer disease brains, a 57 kDa 

cleaved form of CNA retains the auto-inhibitory domain, still requires Ca2+ and 

calmodulin, but has increased activity compared to the 60 kDa uncleaved form of 

CNA (Liu et al., 2005a). Inducing excitotoxicity in neurons induces cleavage of 

CNA by calpain resulting in multiple cleaved forms of CNA, including a 45 kDa 

fragment, a 48 kDa fragment and a 57 kDa fragment (Figure 1-5B) (Wu et al., 

2004). The 45 kDa and 48 kDa forms do not contain the auto-inhibitory domain 

and are constitutively active, while in this study the 57 kDa appears to have activity 

similar to the full length 60 kDa form (Wu et al., 2004). 

 

1.5.3 Calcineurin in the brain 

 Calcineurin is highly expressed in neurons, with highest expression 

detected in the hippocampus and moderate expression in the cerebellum and 

cerebral cortex in rat (Goto et al., 1986). In neurons, calcineurin associates with 
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Figure 1-5: Calcineurin A domain structure. (A) Protein organization of 
calcineurin A with domains labeled. NLS-nuclear localization sequence, CNB-
calcineurin B, NES-nuclear export sequence. (B) Cleaved forms of calcineurin. 
Size indicated on right. Adapted from Wu et al (Wu et al., 2004). 
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the cytoskeleton, and localizes to growth cones during neurite development 

(Ferreira et al., 1993). Calcineurin also localizes to post-synaptic densities, 

somata, axons and synaptic terminals in neurons (Goto et al., 1986). Calcineurin 

plays important roles in synaptic signaling, regulating plasticity at both inhibitory 

and excitatory synapses (Baumgartel and Mansuy, 2012). This occurs via 

regulation of multiple substrates and targeting mechanisms at both the presynaptic 

and post-synaptic terminals of neurons. Targets include potassium channels 

(Czirjak and Enyedi, 2006; Czirjak et al., 2004), membrane receptors (Alagarsamy 

et al., 2005; Lu et al., 2000; Sanderson et al., 2012) and associated proteins 

(Baumgartel and Mansuy, 2012). Calcineurin is critical for cyclic AMP response 

element binding protein (CREB)-dependent gene transcription in cortical neurons 

(Kingsbury et al., 2007), and activation of NFAT family members by calcineurin in 

neurons is necessary for axonal growth during neural development (Graef et al., 

2003).  

Normal astrocytes express low levels of calcineurin (Vinade et al., 1997), 

with expression increasing in reactive astrocytes (Hashimoto et al., 1998). In 

reactive astrocytes, calcineurin integrates pro-inflammatory and anti-inflammatory 

signals (Fernandez et al., 2007). In quiescent astrocytes, inflammatory challenge 

stimulates expression of calcineurin and downstream activation of NFκB/NFAT 

pro-inflammatory signaling. If calcineurin is already expressed, as in reactive 

astrocytes, calcineurin inhibits NFκB/NFAT pro-inflammatory signaling and 

decreases neuronal cell death (Fernandez et al., 2007). Expression of calcineurin 
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in activated astrocytes increases with age, and is also associated with Alzheimer’s 

disease (Norris et al., 2005). This, combined with recent work demonstrating 

activation of calcineurin, the NFAT pathway and the neuroinflammatory response 

in astrocytes, suggests that calcineurin may play important roles in 

neurodegeneration in these cells (Abdul et al., 2009; Norris et al., 2005; Sama et 

al., 2008).  

 

1.6 Research Objectives 

1.6.1 Chapter 2 

Glial fibrillary acidic protein (GFAP), an intermediate filament protein 

normally found in astrocytes, and the radial glial marker brain fatty acid-binding 

protein (B-FABP, FABP7), are co-expressed in malignant glioma cell lines and 

tumours. Nuclear Factor I (NFI) recognition sites have been identified in the B-

FABP and GFAP promoters, and transcription of both genes is believed to be 

regulated by NFI. In Chapter 2, we study the role of the different members of the 

NFI family in regulating endogenous and ectopic B-FABP and GFAP gene 

transcription in human malignant glioma cells. We show by gel shifts that all four 

members of the NFI family (NFIA, NFIB, NFIC, NFIX) bind to B-FABP and GFAP 

NFI consensus sites. Over-expression of NFIs, in conjunction with mutation 

analysis of NFI consensus sites using a reporter gene assay, support a role for all 

four NFIs in the regulation of the GFAP and B-FABP genes. Knock-down of single 

or combined NFIs reveals promoter-dependent and promoter context-dependent 

interaction patterns, and suggests cross-talk between the different members of the 
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NFI family. Our data indicate that the NFI family of transcription factors plays a key 

role in the regulation of both the B-FABP and GFAP genes in malignant glioma 

cells. 

 

1.6.2 Chapter 3 

Grade III and IV astrocytomas, commonly referred to as malignant glioma 

(MG), are the most common adult human brain tumours. Despite aggressive 

treatment including surgery, radiation, and chemotherapy, median survival 

remains less than two years. The Nuclear Factor I (NFI) transcription factor family 

(NFIA, B, C, and X) is normally expressed in the developing brain and promotes 

glial cell differentiation. NFI is also expressed in MG, where it regulates expression 

of glial genes, and genes involved in proliferation and migration. In chapter 3 we 

use chromatin immunoprecipitation (ChIP)-on-chip with a promoter microarray to 

identify additional NFI target genes in MG cells. We identify 403 putative NFI target 

genes, including HEY1, a Notch effector gene that promotes maintenance of 

undifferentiated cells in the developing brain. Using electrophoretic mobility shift 

assays we show that NFI binds to NFI consensus binding sites in the HEY1 

promoter. Knockdown of NFIs in conjunction with reporter gene assays and 

quantitative PCR (qPCR) reveal that NFI represses expression of HEY1 in MG 

cells. We also examined expression of glial genes, including NFIs following HEY1 

knockdown, as HEY1 promotes maintenance of undifferentiated cells. Knockdown 

of HEY1 in MG cells resulted in increased expression of GFAP and decreased 

expression of NFIB. Taken together, our data demonstrate that NFI represses 
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expression of HEY1 in MG, and in turn HEY1 modulates expression of glial genes 

in these cells.  

 

1.6.3 Chapter 4 

Malignant gliomas (MG), comprising grades III and IV astrocytomas, are the 

most common adult brain tumours. These tumours are highly aggressive with a 

median survival of less than two years. Nuclear Factor I (NFI) is a family of 

transcription factors that regulates the expression of glial genes in the developing 

brain. We have previously shown that regulation of the brain fatty acid-binding 

protein (B-FABP) and glial fibrillary acidic protein (GFAP) genes in MG cells is 

dependent on the phosphorylation state of NFI, with hypophosphorylation of NFI 

correlating with GFAP and B-FABP expression. Importantly, NFI phosphorylation 

is dependent on phosphatase activity that is enriched in GFAP/B-FABP+ve cells. 

Using chromatin immunoprecipitation, we show that NFI occupies the GFAP and 

B-FABP promoters in NFI-hypophosphorylated GFAP/B-FABP+ve MG cells. NFI 

occupancy, NFI-dependent transcription activity and NFI phosphorylation are all 

modulated by the serine/threonine phosphatase calcineurin. Importantly, a cleaved 

form of calcineurin, associated with increased phosphatase activity, is specifically 

expressed in NFI-hypophosphorylated GFAP/B-FABP+ve MG cells. Calcineurin in 

GFAP/B-FABP+ve MG cells localizes to the nucleus. In contrast, calcineurin is 

primarily found in the cytoplasm of GFAP/B-FABP-ve cells, suggesting a dual 

mechanism for calcineurin activation in MG. Finally, our results demonstrate that 

calcineurin expression is upregulated in areas of high infiltration/migration in grade 
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IV astrocytoma tumour tissue. Our data suggest a critical role for calcineurin in NFI 

transcriptional regulation and in the determination of MG infiltrative properties. 
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2.1 Introduction 

Malignant gliomas, comprising grades III and IV astrocytomas (also called 

anaplastic astrocytoma and glioblastoma, respectively), are the most common 

brain tumours in adults (Bohnen and Radhakrishnan, 1997). These highly invasive 

tumours are usually fatal within two years of diagnosis. Histopathological analysis 

of malignant gliomas has shown that increasing anaplasia correlates with reduced 

levels of the intermediate filament protein GFAP (Eng and Rubinstein, 1978; van 

der Meulen et al., 1978). Manipulation of GFAP levels in malignant glioma cells 

suggests an association between GFAP expression and a reduced transformed 

state (Chen and Liem, 1994; Engelhard et al., 1997; Langlois et al., 2002; Murphy 

et al., 1998; Rutka et al., 1994; Rutka and Smith, 1993). 

Brain fatty acid-binding protein (B-FABP; also known as FABP7 or BLBP) 

is a marker of radial glial cells (Feng et al., 1994; Kurtz et al., 1994). B-FABP has 

been implicated in the establishment of the radial glial fiber system required for the 

migration of neurons to their correct location in the central nervous system and in 

glial cell differentiation (Feng et al., 1994; Kurtz et al., 1994). It is generally believed 

that neural stem cells give rise to radial glial cells which in turn become mature 

astrocytes once neuronal migration is complete (Culican et al., 1990; Schmechel 

and Rakic, 1979). However, radial glial cells can also give rise to neurons and have 

been proposed to function as neural stem cells (Anthony et al., 2004; Malatesta et 

al., 2003; Noctor et al., 2002). B-FABP expression has recently been shown to be 

associated with increased cell migration in malignant glioma cells and with a worse 

clinical prognosis in high grade astrocytomas (Kaloshi et al., 2007; Liang et al., 
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2005; Mita et al., 2007). Of note, malignant glioma cell lines that express B-FABP 

also express GFAP, suggesting either a functional or regulatory link between these 

two proteins (Godbout et al., 1998).  

 Nuclear Factor I (NFI) has been implicated in the regulation of both the B-

FABP and GFAP genes (Bisgrove et al., 2000; Cebolla and Vallejo, 2006; Gopalan 

et al., 2006b). NFI is a family of transcription factors that includes four genes: NFIA, 

NFIB, NFIC, NFIX/NFID (Qian et al., 1995). Additional diversity within this family 

comes from alternative splicing and post-translational modification (reviewed in 

(Gronostajski, 2000)). NFI proteins bind to the consensus sequence 5'-

TTGGCN5GCCAA-3' as homodimers or heterodimers with the same apparent 

affinity (Kruse and Sippel, 1994b; Roulet et al., 2000). NFIs are widely expressed 

in different tissues and cell types, although the distribution pattern of each NFI 

varies from tissue to tissue (Chaudhry et al., 1997). NFI consensus binding sites 

are found in many brain-specific gene promoters/enhancers and NFI transcription 

factors have been proposed to play a role in the determination of gene expression 

in glial cells (Amemiya et al., 1992; Deneen et al., 2006; Inoue et al., 1990; Kumar 

et al., 1993; Major et al., 1990; Shu et al., 2003). 

The B-FABP promoter has at least two NFI recognition elements located 

within 500 bp of the B-FABP transcription start site. Using a combination of gel 

shift assays and potato acid phosphatase treatment, NFI was shown to be 

hyperphosphorylated in GFAP/B-FABP-negative malignant glioma cell lines 

compared to GFAP/B-FABP-positive lines (Bisgrove et al., 2000). Phosphorylation 

of NFI did not appear to affect DNA binding activity in vitro, in agreement with a 
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previous report (Yang et al., 1993). Similarly, transfection and DNase I footprinting 

analysis revealed three footprints in the promoter region of the GFAP gene in the 

B-FABP/GFAP-positive malignant glioma cell line U251 (Besnard et al., 1991; 

Masood et al., 1993). Putative NFI binding sites were identified in all three 

regulatory regions. Direct evidence demonstrating occupancy of the GFAP 

promoter by NFIs was obtained by chromatin immunoprecipitation using primary 

cortical neuroepithelial cells (Cebolla and Vallejo, 2006). 

All four NFI genes have been disrupted in mice (das Neves et al., 1999b; 

Driller et al., 2007; Shu et al., 2003; Steele-Perkins et al., 2003; Steele-Perkins et 

al., 2005). Whereas Nfic-deficient animals have defects in tooth root formation, 

disruption of either Nfia or Nfib results in forebrain defects and loss of specific 

midline glial populations. In addition to having more severe forebrain defects than 

Nfia, Nfib knock-outs have abnormalities in lung maturation and development of 

the pons (Steele-Perkins et al., 2005). Nfix-/- mice show enlargement of the lateral 

and third brain ventricles, expansion of the entire brain along the dorsal ventral 

axis, aberrant formation of the hippocampus, deformation of the spine and 

impaired ossification of vertebra and femur (Campbell et al., 2008; Driller et al., 

2007). GFAP mRNA levels are decreased 10-fold and 5-fold in Nfia-/- and Nfib-/- 

mice, respectively, suggesting involvement of these two NFIs in GFAP regulation 

(Steele-Perkins et al., 2005). Activation of Notch signaling in mid-gestational neural 

precursor cells has recently been shown to induce NFIA, resulting in demethylation 

and activation of astrocytic gene promoters including GFAP (Namihira et al., 2009). 
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Thus, NFIA appears to play a fundamental role in potentiating the differentiation of 

neural precursor cells along the astrocytic lineage. 

Here, we investigate the role of NFI in the regulation of the GFAP and B-

FABP genes in malignant glioma cells. We use chromatin immunoprecipitations 

(ChIP) to demonstrate the occupancy of NFIs at both the endogenous GFAP and 

B-FABP promoters. We study the expression patterns of all four NFI genes in B-

FABP/GFAP-positive and B-FABP/GFAP-negative malignant glioma cell lines and 

use the gel shift assay to examine the binding of each NFI to three NFI recognition 

sites located at the 5' ends of each of the B-FABP and GFAP genes. We use a 

combination of RNA interference, ectopic NFI expression, reporter gene assay, 

and analysis of endogenous GFAP and B-FABP RNA to investigate the biological 

activity of NFIs in vivo. Our results suggest complex antagonistic and 

compensatory interactions between the four members of the NFI family which all 

appear to be involved in the regulation of B-FABP and GFAP transcription. 
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2.2 Materials and methods  

2.2.1 Cell lines, constructs and transfections  

 The sources of the human malignant glioma cell lines included in this 

analysis have been previously described (Godbout et al., 1998) with the exception 

of M103 which was established by Dr. Rufus Day (Department of Oncology, 

University of Alberta) from a malignant glioma biopsy. Cells were cultured in 

Dulbecco's modification of Eagle's MEM supplemented with 10% fetal calf serum, 

100 U/ml penicillin and 100 µg/ml streptomycin.  

The pCH-NFI expression vectors (pCH, pCH-NFIA, pCH-NFIB, pCH-NFIC, 

pCH-NFIX) were obtained from Dr. R. Gronostajski (Case Western Reserve 

University). The following chloramphenicol acetyltransferase (CAT) reporter gene 

constructs were used for the B-FABP and GFAP promoter assays: (i) pCAT/B-

FABP-1785 containing 5' B-FABP flanking DNA from -1785 to +20 bp, (ii) 

pCAT/GFAP-168 with 5' GFAP flanking DNA from -168 to +8 bp. and (iii) 

pCAT/GFAP-1708 with 5’ GFAP flanking DNA from -1708 to +8 bp. Plasmids were 

introduced into the U251 malignant glioma cell line by polyethylenimine (PEI – 

Polysciences Inc.) -mediated DNA transfection. Cells were harvested 60 h after 

transfection and a fixed portion (75 or 80% depending on the experiment) used to 

prepare lysates for CAT activity. CAT activity was measured using 1/10 of the 

lysates following the protocol supplied by Promega. Acetylated 14C-

chloramphenicol was measured (in cpm) using a scintillation counter. To control 

for plate to plate variation in amount of transfected DNA, a fixed portion of the cells 

(20 or 25% depending on the experiment) was used to isolate non-integrated DNA 
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(Hirt, 1967). The DNA was restriction enzyme-digested, electrophoresed on a 1% 

agarose gel, transferred to nitrocellulose and probed with radioactively-labeled 

pCAT basic DNA.  

Single, double and triple mutations of the three NFI binding sites (G-br1, G-

br2 and G-br3) located upstream of the GFAP transcription start site were 

generated by sequential PCR (Cormack and Castano, 2002). For single mutations, 

complementary oligonucleotides carrying two base pair substitutions (GG  AA) 

for each of G-br1, G-br2 and G-br3 were used in conjunction with upstream and 

downstream pCAT-1708 primers to generate fragments corresponding to the 1708 

bp GFAP promoter region. GFAP promoter fragments mutated at either G-br1 (G-

br1*), G-br2 (G-br2*) or G-br3 (G-br3*) (Figure 2-2C) were inserted in the pCAT 

basic vector. The double mutant (G-br2*/G-br3*) was generated from the G-br2* 

mutant whereas the triple mutant (G-br1*/G-br2*/G-br3*) was generated from the 

G-br2*/G-br3* double mutant. Sequence analysis revealed that all mutated sites 

were as expected except for the G-br2 site in the triple mutant where GG was 

converted to AG instead of AA.      

 

2.2.2 Northern blot analysis 

 Conditions for poly(A)+ RNA isolation, probe hybridization, washing filters, 

and stripping filters have been described (Godbout et al., 1998). The following 

probes were used for hybridization: 1.8 kb EcoRI/NcoI cDNA insert from human 

NFIA EST clone #45182 (Genome Systems, Inc.); 600 bp human NFIB cDNA 

corresponding to sequences 934 to 1521 of U85193 (GenBank Accession 
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Number) generated by PCR amplification; 800 bp EcoRI/HindIII cDNA insert from 

human NFIC EST clone #129328; 700 bp PstI/XhoI cDNA insert from human NFIX 

EST clone #154038; 500 bp EcoRI/EcoRV GFAP cDNA insert (GenBank M78090) 

(American Type Culture Collection, Rockville, MD); 700 bp B-FABP cDNA insert 

(Godbout et al., 1998); and 500 bp mouse actin cDNA (Minty et al., 1981). 

 

2.2.3 Quantitative RT-PCR analysis 

 Total RNA was isolated using the RNeasy Plus Kit (QIAGEN) and first 

strand cDNA synthesized from 3.5 g RNA using Superscript reverse transcriptase 

(Invitrogen). The cDNA was amplified using TaqMan Universal PCR Master Mix 

and gene-specific oligonucleotides (NFIA – Hs00325656_m1, NFIB – 

Hs00232149_m1, NFIC - Hs00907819_m1 , NFIX - Hs00958849_m1, GFAP – 

Hs00157674_m1, B-FABP – Hs00361426_m1, GAPDH – Hs99999905_m1) 

labeled at the 5’ end with the fluorescent reporter dye FAM (Applied Biosystems) 

(ABI 7900HT Fast Real-Time PCR System). All cDNAs were run in triplicate and 

the data normalized using GAPDH.       

 

2.2.4 Western blot analysis 

 Nuclear extracts were prepared as described (Dignam et al., 1983). Whole 

cell extracts were prepared by resuspending the cells in 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 25 mM sodium 

pyrophosphate, 50 mM sodium fluoride, 1X Complete protease inhibitor (Roche), 

1 mM PMSF, and lysing cells on ice for 20 minutes. Protein extracts were 
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electrophoresed in polyacrylamide-SDS gels followed by electroblotting onto 

PVDF or nitrocellulose membranes. Blots were immunostained with mouse anti-

hemagglutinin (HA) antibody (Sigma: Clone HA-7, Cat. No. H9658) (1:10000), 

mouse anti-proliferating cell nuclear antigen (PCNA) antibody (BD Biosciences: 

Clone 24, Cat No. 610664) (1:1000), rabbit anti-B-FABP (Godbout et al., 1998) 

(1:2000), mouse-GFAP antibody (BD Biosciences: Clone G-A-5, Cat. No. 814369) 

(1:10000), and mouse anti-actin antibody (Sigma: Clone AC-15, Cat. No. A5441) 

(1:50000). Primary antibodies were detected with horseradish peroxidase-

conjugated secondary antibodies (Jackson ImmunoResearch Biotech) using the 

ECL detection system (Amersham Biosciences).     

 

2.2.5 Gel shift assay 

 The gel shift assay was carried out as described (O'Brien et al., 1995). The 

sequences of the B-FABP (B-br1, B-br2, B-br3) and GFAP (G-br1, G-br2, G-br3) 

NFI binding regions are listed in Figure 2-2. Complementary oligonucleotides were 

annealed and radiolabeled by filling-in with Klenow polymerase in the presence of 

[α-32P]dCTP. Site-directed mutagenesis of G-br1, G-br2 and G-br3 was carried out 

by substituting the conserved G-G residues at positions 3 and 4 of the NFI 

consensus binding site with A-A (Figure 2-2). NFI, Sp1 and AP-2 double-stranded 

oligonucleotides were generated by annealing: 5'-

ATTTTGGCTTGAAGCCAATATG-3' and 5'-CATATTGGCTTCAAGCCAA AAT-3' 

(NFI consensus binding site is underlined); 5'-

GATCGATCGGGGCGGGGCGATC-3’ and 5'-
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GATCGCCCCGCCCCGATCGATC-3' (Sp1); 5'-   

GATCGAACTGACCGCCCGCGGCCCGT-3' and 3'-

ACGGGCCGCGGGCGGTCAGTTCGATC-3' (AP-2). 

Nuclear extracts from T98, U251, as well as T98 cells transiently transfected 

with 10 g pCH control vector or pCH HA-tagged NFIA, NFIB, NFIC and NFIX 

expression constructs were prepared as described earlier. Nuclear extracts (4 µg 

for T98 and U251 and 1 µg for transfected cells) were pre-incubated in the 

presence of 1.25 g poly(dI-dC) in binding buffer (20 mM HEPES pH 7.9, 20 mM 

KCl, 1 mM spermidine, 10 mM dithiothreitol, 10% glycerol, 0.1% Nonidet P-40) for 

10 min at room temperature. When included, a 100X molar excess of unlabeled 

competitor oligonucleotide was added during the pre-incubation stage. For 

supershift experiments, 1 µl anti-HA antibody (Sigma: Clone HA-7, Cat. No. 

H9658), 1 µl anti-NFI antibody, obtained from Dr. Naoko Tanese (NYU Medical 

Center NY), 1 µl anti-AP-2 antibody (negative control) (Santa Cruz Biotechnology 

Inc.: Clone C18, Cat No. sc-184) or 1 µl anti-Pax6 antibody (negative control) 

(Developmental Studies Hybridoma Bank maintained by the University of Iowa 

under contract NO1-HD-7-3263 from the NICHD) was included in the pre-

incubation reaction. Labeled DNA was added and incubated for 20 min at room 

temperature. DNA-protein complexes were resolved on a 6% polyacrylamide gel 

in 0.5X TBE.              
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2.2.6 Knock-down of endogenous NFIs 

 The following Stealth siRNAs were used to transfect U251 cells: 

NM_005595_stealth_919 targeting 5’-GAAAGUUCUUCAUACUACAGCAUGA-3’ 

of NFIA, NM_005596_stealth_1020 targeting 5’-

AAGCCACAAUGAUCCUGCCAAGAAU- 3’ of NFIB, NM_005597_stealth_1045 

targeting 5’- CAGAGAUGGACAAGUCACCAUUCAA-3’ of NFIC, 

NM_002501_stealth_752 targeting 5’-GAGAGUAUCACAGACUCCUGUUGCA-3’ 

of NFIX, and control siRNA (Cat. No. 12935-200 and 12935-300) (Invitrogen). 

Cells were transfected with 10 nM Stealth siRNAs targeting individual NFI genes 

using the RNAi-MAX Lipofectamine reagent (Invitrogen). Where appropriate, cells 

were transfected the following day with either GFAP- or B-FABP-CAT constructs 

using the PEI reagent. Cells were harvested 60 h after the last transfection. When 

multiple rounds of siRNA transfections were carried out, 9/10 of cells were 

harvested at confluency and 1/10 of the cells re-plated and re-transfected.   

 

2.2.7 Chromatin immunoprecipitation  

Chromatin immunoprecipitation was carried out as per Pillai et al. (Pillai et 

al., 2009). U251 cells were cross-linked with 1% formaldehyde for 20 min at room 

temperature. The cross-linking reaction was terminated with the addition of glycine 

to a final concentration of 0.125 M. Cells were harvested by cell scraping in 1X 

PBS, washed, and resuspended in lysis buffer (44 mM Tris-HCl pH 8.0, 1% SDS, 

10 mM EDTA, 1 mM PMSF, and 1X Complete protease inhibitor cocktail). Cells 
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were sonicated for 3 X 30 s at 30% output (Model 300VT, Ultrasonic Homogenizer, 

BioLogics Inc.). Following sonication, ChIP lysate was precleared by incubation 

with protein A Sepharose beads (GE Healthcare). The pre-cleared ChIP lysate 

was incubated with either 3 μg rabbit anti-NFI antibody (Santa Cruz: Clone N-20, 

Cat. No. sc-870) or 3 µg rabbit IgG (negative control) at 4ºC overnight. Protein A 

Sepharose beads were added to the ChIP lysate-antibody mixture and incubated 

for an additional 2 h at 4ºC. Beads were washed and protein-DNA complexes 

eluted in 0.1 M NaHCO3, 1% SDS, 5 mM NaCl. Cross-links were reversed by 

incubation at 65ºC for 5 h. Proteins were digested with proteinase K and the DNA 

purified using a DNA purification kit (Marligen Rapid PCR purification system). 

Primers used to amplify specific regions of the GFAP, B-FABP, and GAPDH 

(negative control) promoters are listed in Table 2-1. PCR conditions were: 95ºC for 

2 min, followed by 30 cycles at 95ºC for 30 s, 55ºC for 30 s, and 72ºC for 30 s, 

followed by an additional 7 min incubation at 72ºC. PCR products were resolved 

on a 1% agarose gel, and detected using ethidium bromide.    
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Table 2-1: Sequences of primers used for ChIP analysis 

Fragment Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

G-br1 GTCCTCTTGCTTCAGCGG TGGGCTAGACTGGCGATG 

G-br2 CAGGGCCTCCTCTTCATG TAGAGCCTTGTTCTCCACC 

G-br3 GGACGCTGCTCTGACAGA CACTGGGCATGAAGAGGAG 

G-br2/3  CAGACCTGGCAGCATTGG CTGCTCAATGGGCTTCTCG 

B-br1 GATTGGAGCCTCACTCGAG CTGCAGCTCAGAAGACCC 

B-br2 GCATAAGGGCTGTAGTGTG CAGTGTCCCTCTTTCCAAG 

B-br3 GTCTGAGATTGCCTTTGCC GTTAGCGGAGTAGGTCGAG 

B-br1/2/3 CGAACCTGAAAGCCCTTCT GCTCCTGCCTTCTTATTTGG 

GAPDH GAACCAGCACCGATCACC CCAGCCCAAGGTCTTGAG 
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2.3 Results 

2.3.1 Expression of NFI mRNA in malignant glioma cell lines 

 The four NFI genes (NFIA, NFIB, NFIC, NFIX) are differentially expressed 

in various tissues and cell types. To identify which NFIs are expressed in malignant 

glioma cells, northern blot analysis was carried out using poly(A)+ RNA isolated 

from five B-FABP/GFAP-negative malignant glioma lines (A172, CLA, M021, T98, 

U87) and five B-FABP/GFAP-positive malignant glioma lines (M016, M049, M103, 

U251, U373) (Figure 2-1). Highest levels of NFIA transcripts were detected in 

M049 and M103. NFIB mRNA was most abundant in B-FABP/GFAP-positive 

M049, M103, U251 and U373 lines. NFIC transcripts were found in all 10 lines. 

Highest levels of NFIX mRNA were observed in M103 and M021, with an easily 

detectable signal in every cell line except U87. Actin mRNA served as the loading 

control and was relatively uniform in the ten malignant glioma lines. Overall, B-

FABP/GFAP-positive malignant glioma lines appear to express higher levels of 

NFI mRNAs than B-FABP/GFAP-negative lines, with the most dramatic differences 

observed with NFIA and NFIB.    

 

2.3.2 In vitro binding of proteins to GFAP NFI recognition sites   

Sequence analysis of the GFAP promoter region revealed three putative 

NFI binding sites in the upstream region of the GFAP gene, located at -120 to -106 

bp, -1585 to -1571 bp and -1633 to -1619 bp. Each of these three sites is bound 

by protein based on DNase I footprinting analysis (Besnard et al., 1991; Masood 

et al., 1993) and gel shift assays (Gopalan et al., 2006b). We used gel shifts 
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Figure 2-1: RNA analysis of malignant glioma cell lines. Northern blots were 
prepared using poly(A)+ RNA (2 µg per lane) isolated from five human B-
FABP/GFAP-negative lines (A172, CLA, M021, T98, and U87) and five human B-
FABP/GFAP-positive lines (M016, M049, M103, U251, and U373). The filter was 
sequentially hybridized with 32P-labeled cDNAs from NFIA, NFIB, NFIC, NFIX, B-
FABP, GFAP, and actin. 
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to determine whether NFIs from T98 (B-FABP/GFAP-negative) and U251 (B-

FABP/GFAP-positive) malignant glioma lines could bind to the three putative NFI 

binding sites located at the 5' end of the GFAP gene. Double-stranded 

oligonucleotides representing each of the three GFAP NFI binding regions: [G-br1 

(-126 to -100 bp), G-br2 (-1591 to -1564 bp), G-br3 (-1639 to -1613 bp)] were 

generated. Radiolabeled oligonucleotides were incubated with nuclear extracts 

prepared from either T98 or U251 cells. A 100X molar excess of unlabeled 

competitor oligonucleotides was included in some of the lanes. Competitor 

oligonucleotides included G-br1, G-br2, G-br3 (wild-type and mutated at 

conserved residues 3 and 4), Sp1, NFI and AP-2 (Figure 2-2).    

As shown in Figure 2-3A, a major DNA-protein complex was observed when 

G-br1, G-br2 or G-br3 was incubated with T98 nuclear extracts. Addition of excess 

mutated G-br1*, G-br2* or G-br3* oligonucleotides as competitors did not result in 

a significant reduction in the signal intensity of the complex, indicating that protein 

binding to these oligonucleotides requires an intact NFI binding site. All three 

unlabeled wild-type G-br oligonucleotides served as effective competitors for all 

three G-br probes. Furthermore, the intensity of the DNA-protein complex was 

significantly reduced in the presence of consensus NFI oligonucleotides, but not 

Sp1 or AP-2 oligonucleotides. These results indicate that the factor bound to G-

br1, G-br2 and G-br3 is NFI or NFI-like.     

 Similar observations were made when G-br1 and G-br2 probes were 

incubated with U251 nuclear extracts, except that the migration rate of the DNA-

protein complex was considerably faster than that observed with T98 extracts 
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Figure 2-2: Oligonucleotides used for the gel shift experiments 
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Figure 2-2: Oligonucleotides used for the gel shift experiments. The NFI 
consensus binding site sequence is indicated on top. The primers used to generate 
(A) B-FABP NFI binding regions (B-br1, B-br2, B-br3) and (B) GFAP NFI binding 
regions (G-br1, G-br2, G-br3) are shown with the NFI consensus sites indicated in 
bold. (C) Site-directed mutagenesis was used to convert the third and fourth 
residues of the GFAP NFI binding regions from GG to AA (indicated in small 
letters). Both these residues have been shown to be critical for binding to NFI. The 
sequences of the NFI, Sp1 and AP2 oligonucleotides are based on consensus 
binding sites.   
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(Figure 2-3B). These results are in agreement with our previous work indicating 

that NFIs expressed in U251 and T98 migrate at different rates in gel shift assays 

because the T98 NFIs are hyperphosphorylated compared to U251 NFIs (Bisgrove 

et al., 2000). In contrast to G-br1 and G-br2 which generated one major protein-

DNA complex, three DNA-protein complexes were observed when U251 nuclear 

extracts were incubated with G-br3. As the intensity of the middle band (indicated 

by arrow) was greatly decreased in the presence of excess wild-type G-br1, G-br2, 

G-br3 and NFI consensus oligonucleotides but not mutated G-br3 oligonucleotide, 

it is likely that this is the only band that contains NFI-DNA complexes. Interestingly, 

the faster migrating complex disappeared in the presence of AP-2 competitor 

suggesting the presence of both NFI and AP-2 binding sites within the G-br3 

oligonucleotide. Examination of the G-br3 sequence reveals putative AP-2 binding 

sites (consensus GCCNNNGGC) spanning the NFI binding site.  

 

2.3.3 In vitro binding of proteins to B-FABP NFI recognition sites 

 Previous work from our lab identified two NFI binding sites in the 5' flanking 

DNA of the B-FABP gene, located at -54 to -40 bp (B-br1) and -256 to -242 bp (B-

br3) (Bisgrove et al., 2000). These sites were identified by DNase I footprinting and 

binding of NFI to these sites was confirmed by gel shift assays and methylation 

interference. A third putative NFI-like binding site, located at -176 to -163 bp (B-

br2), was not analyzed because: (i) it was found at the 5' edge of a DNase I 

footprint and (ii) it had N-4 spacing between the NFI half-sites rather than the 

consensus N-5 spacing. Addition or subtraction of 1 bp from the 5 bp internal 
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Figure 2-3: Binding of NFI to G-br1, G-br2 and G-br3  
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Figure 2-3: Binding of NFI to G-br1, G-br2 and G-br3. Gel shift experiments 
were carried out with radiolabeled G-br1, G-br2 or G-br3 double-stranded 
oligonucleotides and (A) T98 or (B) U251 nuclear extracts. DNA binding reactions 
were electrophoresed in a 6% polyacrylamide gel in 0.5X TBE buffer to separate 
unbound DNA and DNA-protein complexes. Where indicated, a 100-fold excess of 
unlabeled competitor oligonucleotides were added to the DNA binding reaction. 
The asterisks indicate that the NFI binding site was mutated. 
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spacer has been shown to drastically reduce NFI binding in vitro (Gronostajski, 

1987). We used the gel shift assay to determine whether a radiolabeled double-

stranded oligonucleotide corresponding to B-br2 could bind NFI or NFI-like 

proteins. As shown in Figure 2-4 (left panel), a DNA-protein complex was observed 

using U251 nuclear extracts, although the intensity of the complex in relation to 

free oligonucleotides appeared low when compared with B-br1 (Figure 2-4 - right 

panel). The protein complex formed with B-br2 was significantly reduced in the 

presence of excess cold competitors B-br1, B-br2 and B-br3, NFI consensus 

binding site, but not AP-2 and Sp1 consensus binding sites. Conversely, addition 

of excess B-br2 significantly reduced the intensity of the DNA-protein complex 

obtained with B-br1.     

 

2.3.4 In vivo occupancy of NFIs at the endogenous B-FABP and GFAP 

promoters   

 We carried out ChIP analysis using U251 cells and a pan-specific NFI 

antibody to determine whether NFIs reside in close proximity to GFAP and B-FABP 

NFI binding sites in vivo. DNA cross-linked to NFIs was PCR-amplified using 

primer pairs flanking individual or combined GFAP and B-FABP NFI binding sites. 

Normal rabbit IgG served as the negative control for the ChIP experiments. Bands 

corresponding to each of the three GFAP NFI binding sites (G-br1, G-br2 and G-

br3) were easily detected using this approach (Figure 2-5). Similarly, ChIP analysis 

revealed NFIs at all three B-FABP NFI binding sites, although the intensity of the 

escalator 



 

88 
 

 

 

 

 

 

 

Figure 2-4: Binding of NFI to B-br2. Gel shift experiments were carried out with 
radiolabeled B-br2 double-stranded oligonucleotide. The arrow indicates the 
protein-DNA complex specific to B-br2 (left panel) and B-br1 (right panel).   
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band obtained with primers flanking B-br1 was weak. No DNA bands were 

detected in any of the IgG lanes. As well, no signal was detected in either the IgG 

or NFI lanes when primers to the GAPDH promoter were utilized. Together, these 

data indicate that NFIs occupy the regions of the B-FABP and GFAP promoters 

containing NFI binding sites.  

 

2.3.5 Binding of specific NFIs to GFAP and B-FABP NFI recognition sites 

 Our gel shift data suggest that one or more NFI protein(s) can bind to each 

of the three NFI recognition sites located upstream of the GFAP gene (Figure 2-3) 

as well as to the three NFI recognition sites located upstream of the B-FABP gene 

(Figure 2-4) (Bisgrove et al., 2000). To address the specificity of the different NFI 

proteins for GFAP and B-FABP NFI recognition sites, we examined the binding of 

each of the four NFIs to G-br and B-br oligonucleotides. T98 cells were transfected 

with HA-tagged NFIA, NFIB, NFIC and NFIX expression constructs as well as 

empty vector. Nuclear extracts were prepared and analyzed for level of NFI 

protein. As shown in Figure 2-6A, each HA-tagged NFI protein was abundantly 

expressed in T98 transfectants, with NFIA present at ~2-fold lower levels and NFIC 

expressed at ~1.5-fold higher levels compared to NFIB and NFIX. 

For the gel shift assays, an equal amount of each of these nuclear extracts 

(~1 µg of protein) was incubated with radiolabeled G-br1, G-br2 and G-br3 

oligonucleotides (Figure 2-6B). Strong binding was observed when either NFIA or 

NFIX was incubated with G-br1, whereas NFIB and NFIC generated weaker 

rectangle 
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Figure 2-5: Chromatin immunoprecipitation analysis indicating that NFIs 
occupy the endogenous GFAP and B-FABP promoters. Chromatin 
immunoprecipitations were carried out using either a pan-specific anti-NFI 
antibody or normal rabbit IgG and U251 cell lysates. Primers flanking the NFI 
recognition sites identified in the GFAP and B-FABP promoters (G-br1, G-br2, G-
br3, G-br2/3, B-br1, B-br2, B-br3, B-br1/2/3) were used for PCR amplification. 
Primers corresponding to the proximal GAPDH promoter (200 bp upstream region) 
were used as a negative control. Input DNA represents DNA isolated from U251 
cell lysates after sonication but prior to immunoprecipitation. Input DNA reveals 
PCR-amplified products of the expected sizes for all primer combinations 
analyzed.       
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signals. Similarly, a strong signal was observed when NFIX was incubated with   

G-br3, with a weaker signal observed with NFIA. There was no apparent change 

in signal intensity in lanes containing NFIB and NFIC compared to pCH control. In 

contrast to G-br1 and G-br3, all four NFIs generated a strong signal when 

incubated with G-br2. Addition of anti-HA antibody to NFIX-enriched nuclear 

extracts resulted in a supershifted band (arrowhead) indicating that HA-NFIX binds 

to G-Br2. The residual band in this lane is of the same intensity as that seen in 

pCH control and likely represents endogenous NFIs binding to G-br2. 

To address whether the shifted band observed in the pCH (control) lanes 

represents endogenous NFI bound to G-br oligonucleotides, we carried out 

supershift experiments with an anti-NFI antibody previously used to supershift the 

endogenous NFI/B-br1 complex (Bisgrove et al., 2000). This antibody 

preferentially recognizes NFIC, although it can also bind to NFIX (data not shown). 

Addition of anti-NFI antibody to G-br2 oligonucleotides in the presence of nuclear 

extracts derived from pCH-transfected T98 cells produced a supershifted band 

(shown by arrow), indicating the presence of an anti-NFI antibody/NFI protein/G-

br2 oligonucleotide tri-complex (Figure 2-6C). The weak intensity of the 

supershifted band combined with the decrease in intensity of the shifted band 

indicates that the anti-NFI antibody used in these experiments interferes with the 

binding of the transcription factor to G-br2. As expected, neither anti-AP-2 antibody 

nor anti-Pax6 antibody produced a supershifted band or affected NFI binding to G-

br2.  
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Next, we examined binding of the four NFIs to labeled oligonucleotides 

corresponding to the three NFI-like binding sites in the upstream region of the B-

FABP gene. Gel shift assays indicated that all four NFI proteins could effectively 

bind B-br1 and B-br2 (Figure 2-6D), although NFIC and NFIX generated a stronger 

signal than NFIA and NFIB when incubated with B-br1. The most striking 

differential binding was observed using B-br3 oligonucleotide as the probe, with 

NFIX producing the strongest signal, followed by NFIC, then NFIA. Incubation of 

B-br3 with nuclear extracts from NFIB-transfected cells produced only background 

signal. Combined, our results suggest that specific NFIs (alone or in combination 

with other proteins found in the nuclear extracts) preferentially bind to specific NFI 

recognition sites. 

 

2.3.6 Transcriptional regulation of GFAP and B-FABP by NFI proteins   

To study the role of the different members of the NFI family in the regulation 

of B-FABP and GFAP promoter activity in vivo, U251 cells were co-transfected 

with: (i) plasmids containing the chloramphenicol acetyltransferase (CAT) reporter 

gene under the control of either the GFAP (pCAT/GFAP-1708) or B-FABP 

(pCAT/B-FABP-1785) upstream region, and (ii) NFI expression constructs. Ectopic 

expression of NFIA had the strongest effect on the GFAP promoter, increasing 

CAT activity by 5.4-fold compared to cells transfected with pCH control vector 

(Figure 2-7A). In comparison, NFIB, NFIC and NFIX expression constructs 

increased GFAP-driven CAT activity by 2.9-fold, 2.1-fold and 2.7-fold, respectively.  
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Figure 2-6: Binding of NFIA, NFIB, NFIC and NFIX to GFAP and B-FABP NFI 
recognition sites 
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Figure 2-6: Binding of NFIA, NFIB, NFIC and NFIX to GFAP and B-FABP NFI 
recognition sites. Nuclear extracts were prepared from T98 cells transfected with 
control (pCH), pCH-NFIA, pCH-NFIB, pCH-NFIC or pCH-NFIX expression 
constructs. (A) Western blot analysis of transfected cells. Nuclear extracts (10 µg 
per lane) were electrophoresed through a 10% polyacrylamide-SDS gel and 
electroblotted to a nitrocellulose filter. The filter was incubated with mouse anti-HA 
antibody or mouse anti-PCNA antibody and the signal detected using the ECL 
system. (B) Gel shift experiments were carried out using radiolabeled G-br1, G-

br2 or G-br3 and 1 g nuclear extract. A supershift experiment (labeled α-HA in 
the middle panel) was performed by incubating anti-HA antibody with nuclear 
extracts prepared from T98 cells transfected with NFIX. The arrowhead shows the 
supershifted band. (C) Supershift experiment using radiolabled G-br2, 1 µg nuclear 
extract from T98 transfected with pCH vector and anti-NFI, anti-AP2 or anti-Pax6 
antibody. The arrowhead indicates the position of the supershifted band. (D) Gel 
shift experiments were carried out using radiolabeled B-br1, B-br2 or B-br3 and 1 
µg nuclear extract.  
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In contrast, ectopic expression of either NFIC or NFIX resulted in a 2.2 and 1.9- 

fold reduction in B-FABP promoter activity, respectively (Figure 2-7B). No 

differences in CAT activity were observed in cells co-transfected with pCAT/B-

FABP-1785 and either the NFIA or NFIB expression constructs.  

 The -galactosidase expression construct under the control of the SV40 

promoter was initially used to control for plate-to-plate variation in transfection 

efficiency. However, the SV40 promoter was found to be highly responsive to 

NFIC. To preclude any modifying effect of NFIs on control reporter genes, we used 

southern blotting of non-integrated (Hirt) DNA to control for transfection efficiency 

(Hirt, 1967). As shown in Figure 2-7C, there was little variation in the level of non-

integrated plasmid DNA within each set of transfected cells. Thus, the CAT activity 

shown in Figures 2-7A and 2-7B is a direct measurement (in counts per minute - 

cpm) of acetylated 14C-chloramphenicol, with cpm values obtained for each of the 

pCH-NFI expression constructs compared to pCH control.  

To determine whether over-expression of NFIs affects endogenous GFAP 

and B-FABP protein levels, we carried out western blot analysis of U251 cells 

transfected with individual NFI expression constructs. Although high levels of HA-

tagged NFI proteins were observed in transfected cells, there was no significant 

differences in GFAP and B-FABP levels compared to controls (Figure 2-7D). 

These results indicate that factors in addition to NFI are required for regulation of 

endogenous B-FABP and GFAP expression. 

The role of NFIs in the regulation of GFAP and B-FABP transcription was  

further investigated using an RNA interference approach to reduce endogenous  
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Figure 2-7: Co-transfection of NFI expression constructs with pCAT/GFAP 

or pCAT/B-FABP reporter genes 
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Figure 2-7: Co-transfection of NFI expression constructs with pCAT/GFAP or 
pCAT/B-FABP reporter genes. U251 cells were co-transfected with pCAT/GFAP-
1708 (A) or pCAT/B-FABP-1785 (B) and pCH-NFI expression constructs. 
Acetylated 14C-chloramphenicol (cpm) was measured from equal aliquots of 
transfected cell lysates using a scintillation counter. The fold increases in CAT 
activity are relative to the pCH (empty vector) co-transfectants. The ratio of pCAT 
plasmid DNA to pCH-NFI expression construct was 10:1 (i.e. 3.6 µg pCAT plasmid 
DNA and 0.4 µg pCH-NFI expression construct per 60 mm plate). The results 
shown are an average of three to five independent experiments with S.E.M. 
indicated by the error bars. Statistical significance was determined using the 
unpaired t-test. The asterisk indicates that the data are significantly different from 
the pCH control (P <0.05). (C) Southern blot analysis of non-integrated (Hirt) DNA 
from two representative experiments. Hirt DNA was extracted from the same 
fraction (typically 1/5 or 1/4) of cells from each plate. Equal aliquots of DNA were 
digested with BamH1, electrophoresed on a 1% agarose gel, transferred to 
nitrocellulose and probed with 32P-labeled pCAT-basic vector DNA. The top band 
represents the pCAT/GFAP-1708 DNA (left) and pCAT/GFAP-1785 DNA (right). 
The lower migrating band represents the co-transfected pCH-NFI DNA. As shown 
here, there was little variation in amount of transfected DNA from plate-to-plate. 
(D) Western blot analysis of B-FABP and GFAP in U251 cells over-expressing 
NFIs. U251 cells were transfected with individual pCH/NFI expression constructs 
(4-8 µg per 100 mm plate) and cells harvested 60 h later. Cell lysates (50 µg/lane) 
were electrophoresed in a 13.5% acrylamide-SDS gel (HA, B-FABP, actin), or 10% 
acrylamide-SDS gel (GFAP), transferred to PVDF membranes, and 
immunostained with mouse anti-HA antibody, rabbit anti-B-FABP antibody, and 
mouse anti-actin antibody (13.5% gel) and mouse anti-GFAP antibody (10%). 
Primary antibodies were detected with horseradish peroxidase-conjugated 
secondary antibodies and the signal detected using the ECL reagent. Because 
levels of HA-tagged NFIB were consistently lower than that of the other NFIs, we 
transfected cells with a range of pCH-NFIB DNA (0.8 – 16 µg per 100 mm plate). 
HA-NFIB levels increased up to 8 µg of transfected DNA, and remained constant 

from 8 to 16 g of transfected DNA, suggesting post-translational regulation of 
NFIB protein levels in U251 cells. 
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levels of specific NFIs in U251. Cells were first transfected with control (scrambled) 

siRNA, or siRNAs targeting NFIA, NFIB, NFIC or NFIX, under conditions that 

resulted in ~90% transfection efficiency. The same cultures were transfected 24 h 

later with either pCAT/GFAP-1708 or pCAT-B-FABP-1785. Cells were harvested 

60 h after the second transfection and analyzed for: (i) endogenous NFIA, NFIB, 

NFIC, NFIX RNA levels (Figure 2-8A), (ii) endogenous GFAP and B-FABP RNA 

levels (Figure 2-8B) and (iii) pCAT activity (Figure 2-8C). Real-time quantitative 

RT-PCR analysis revealed 79% or greater reduction in NFIA, NFIB, NFIC and 

NFIX RNA levels in NFI siRNA-transfected cells compared to control siRNA-

transfected cells. Two separate experiments are represented in Figure 2-8A with 

pCAT/GFAP-1708 co-transfectants shown on the left and pCAT/B-FABP-1785 co-

transfectants shown on the right. Interestingly, reduction of one NFI often resulted 

in up-regulation of a second NFI suggesting cross-talk between the different 

members of the NFI family. For example, NFIA knock-down resulted in increased 

NFIX RNA levels, NFIB knock-down increased NFIA RNA levels, NFIC knock-

down decreased NFIB RNA levels, whereas NFIX knock-down cells showed 

increased levels of NFIA RNA.  

Next, we examined endogenous GFAP and B-FABP RNA levels in NFI 

knock-down cells by real-time RT-PCR. The most consistent and dramatic 

decreases in endogenous GFAP RNA levels were observed in cells transfected 

with NFIB and NFIC siRNAs, followed by NFIX and NFIA siRNAs (Figure 2-8B – 

top panels). There was a slight (10-40% depending on the experiment) reduction 

in endogenous B-FABP RNA levels in cells transfected with NFIA siRNA, indicating 
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that NFIA may play a positive role in B-FABP transcription. A 1.6 - 2-fold increase 

in B-FABP RNA was consistently observed in NFIB knock-down cells (Figure 2-8B 

– bottom panel). These data suggest that either NFIB functions as a repressor of 

endogenous B-FABP promoter activity, or more likely in light of the elevated 

endogenous NFIB RNA levels observed in B-FABP-positive glioma cells, the 

increase in NFIA RNA levels associated with NFIB knock-down activates the B-

FABP promoter.    

As promoter analyses are classically carried out using reporter genes, we 

also used the CAT reporter gene under the control of the 1.7 or 1.8 kb GFAP or B-

FABP promoter, respectively, to investigate the effect of NFI knock-down on 

transcriptional activity. Analysis of CAT activity in U251 cells co-transfected with 

pCAT/GFAP-1708 and NFI siRNAs revealed decreased transcriptional activity in 

NFIA (37% of control), NFIB (50%) and NFIX (48%) knock-downs (Figure 2-8C), 

suggesting a positive role for these three NFIs in GFAP regulation. Surprisingly, 

CAT activity was increased 2.3-fold in NFIC knock-downs even though 

endogenous GFAP RNA levels were significantly reduced in these cells. Similar to 

pCAT/GFAP transfectants, decreases in CAT activity were observed in cells co-

transfected with pCAT/B-FABP-1785 and either NFIA or NFIB siRNAs (Figure 2-

8C), in support of a positive role for these two NFIs in B-FABP regulation. NFIC 

appears to play a major repressor role in B-FABP transcription as cells co-

transfected with NFIC siRNA showed a 15-fold increase in B-FABP promoter 

activity. As mentioned earlier, endogenous B-FABP RNA levels were not altered 

rectangl
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Figure 2-8: Regulation of B-FABP and GFAP promoter activity by NFIs
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Figure 2-8: Regulation of B-FABP and GFAP promoter activity by NFIs. U251 
cells were transfected with 10 nM control (scrambled), NFIA, NFIB, NFIC, or NFIX 
Stealth siRNAs, followed by pCAT/GFAP-1708 or pCAT/B-FABP-1785 (4 µg per 
60 mm plates) 24 h later. Cells were harvested after an additional 60 h. (A) 
Quantitative RT-PCR analysis of NFIA, NFIB, NFIC and NFIX in two representative 
experiments, with pCAT/GFAP-1708 co-transfectants shown on the left and 
pCAT/B-FABP-1785 co-transfectants shown on the right. The fold changes in 
endogenous NFIA, NFIB, NFIC and NFIX RNA levels (Y axis) are shown for each 
of the control, NFIA, NFIB, NFIC and NFIX siRNA transfectants (indicated on the 
X axis). (B) Quantitative RT-PCR analysis of endogenous GFAP and B-FABP RNA 
levels in the two sets of transfectants described in (A). GAPDH served as the 
standard for the quantitative RT-PCR analysis. Similar data were obtained in 4 
separate experiments. (C) CAT activity in U251 cells transiently transfected with 
siRNAs and pCAT vectors, as described in (A). Changes in CAT activity are 
relative to the CAT activity obtained in cells co-transfected with control siRNA and 
either pCAT/GFAP-1708 or pCAT/B-FABP-1785. The data are from three 
independent experiments, each carried out in duplicate. S.E.M. is indicated by the 
error bars. Statistical significance, determined using the unpaired t-test, is 
indicated by one asterisk (P <0.05) or two asterisks (P <0.001).    
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upon NFIC knock-down (Figure 2-8B). These results suggest a fundamental 

difference in the way that the NFIC transcription factor interacts with chromosomal 

versus episomal B-FABP and GFAP NFI binding sites.  

To investigate whether decreases in endogenous GFAP RNA were 

accompanied by decreases in GFAP protein levels, we transfected U251 cells with 

control siRNA or individual siRNAs targeting each of the four NFIs. No decreases 

in GFAP protein levels were observed 60 h after the initial transfection. However, 

significant decreases in GFAP were observed after a second round of transfection 

with NFIB, NFIC or NFIX, but not NFIA, siRNAs (Figure 2-9A). After a total of three 

consecutive transfections, GFAP was barely detectable in NFIB, NFIC and NFIX 

siRNA transfectants, and dramatically reduced in NFIA siRNA transfectants. No 

alterations in B-FABP protein levels were observed in U251 cells transfected once 

with NFI siRNAs. After two rounds of transfections, a slight increase in B-FABP 

was observed in the NFIB knock-down cells, in agreement with the RNA data 

(Figures 2-9B and 2-8B). A ~2 – 4-fold decrease in B-FABP levels was observed 

in all four NFI knock-downs after three consecutive rounds of transfections, with 

the greatest reduction observed in cells transfected with NFIX siRNA. Because of 

the lag time, it’s not clear whether the reduction in B-FABP levels observed after 

three rounds of transfection is a direct or indirect consequence of NFI knock-down.   

Overall, there was general agreement between the NFI over-expression 

and knock-down data with regards to GFAP. Over-expression of all four NFIs 

increased ectopic GFAP promoter activity, whereas reduction in the levels of all 

four NFIs decreased endogenous GFAP RNA (and eventually protein) levels. 
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Figure 2-9: Western blot analysis of B-FABP and GFAP in U251 cells 
transiently transfected with NFI siRNAs. U251 cells were sequentially 
transfected three times with 10 nM control, NFIA, NFIB, NFIC, and NFIX Stealth 
siRNAs over a period of 12 - 15 days. Cells were harvested after each transfection 
and whole cell lysates prepared. For the second and third rounds of transfection, 
1/10 of the cells were re-plated and re-transfected and allowed to reach confluence 
prior to harvest (and re-plating). Cell lysates (40 µg/lane) were electrophoresed, 
transferred to PVDF membranes, and immunostained with (A) mouse anti-GFAP 
and (B) rabbit anti-B-FABP antibodies. Membranes were then stripped and probed 
with mouse anti-actin antibody. Primary antibodies were detected with horseradish 
peroxidase-conjugated secondary antibodies and the signal detected using the 
ECL reagent. No changes in GFAP and B-FABP levels were observed after the 
first transfection (data not shown). NTC: non-transfected control.   
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Furthermore, ectopic GFAP promoter activity was decreased upon NFIA, NFIB and 

NFIX knock-down. The situation with B-FABP appears considerably more complex 

as NFI over-expression either had no effect (NFIA, NFIB) or resulted in decreased 

ectopic B-FABP promoter activity (NFIC, NFIX). Reduction in NFI levels was 

accompanied by increased endogenous B-FABP mRNA in the case of NFIB, 

decreased B-FABP protein levels after multiple rounds of transfection, and either 

decreased (NFIA, NFIB) or dramatically increased (NFIC) ectopic B-FABP 

promoter activity.   

 

2.3.7 Mutational analysis of NFI binding sites in the GFAP promoter 

 We have previously shown that mutation of NFI binding sites in the B-FABP 

promoter reduces its transcriptional activity (Bisgrove et al., 2000). Here, we 

extend the analysis to GFAP by mutating the NFI recognition sites in the GFAP 

upstream region (Figure 2-10A), first in the context of the pCAT/GFAP-168 

construct which contains the G-br1 binding site, and second in the context of 

pCAT/GFAP-1705 which contains all three NFI binding sites. 

As shown in Figure 2-10B, a 3.2-fold increase in CAT activity was observed 

with wild-type pCAT/GFAP-168 compared to pCAT basic vector. To investigate 

which of the four NFIs target G-br1, pCAT/GFAP-168 was co-transfected into U251 

cells along with control or NFI siRNAs. Decreased CAT activity was observed in 

the presence of NFIB siRNA and increased CAT activity in the presence of NFIC 

siRNA, indicating that at least these two NFIs bind to G-br1 (Figure 2-10C). In this 

regard it is interesting to note that NFIB and NFIC showed the weakest binding to 
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G-br1 based on the gel shift assay (Figure 2-6B). Mutation of G-br1 in 

pCAT/GFAP-168 completely abolished its transcriptional activity, with no further 

decreases observed upon co-transfection of NFI siRNAs (Figures 2-10B, C).  

CAT activity was induced 7.6-fold in pCAT/GFAP-1708-transfected cells 

compared to pCAT basic vector (Figure 2-10B). Mutation in G-br1* resulted in a 

5.1-fold decrease in CAT activity (1.5-fold increase compared to pCAT basic), 

mutation in combined G-br2*/G-br3* resulted in a 2.2-fold decrease in CAT activity 

(3.4-fold increase compared to pCAT basic), whereas combined mutation of G-

br1*/G-br2*/G-br3* reduced CAT activity 6-fold (1.3-fold increase compared to 

pCAT basic), thus demonstrating the importance of the NFI binding sites, 

particularly G-br1, in the GFAP promoter. Although overall CAT activity was barely 

above background in pCAT/GFAP-1708 G-br1*- transfected cells, knock-down 

experiments revealed a 2.9-fold increase in CAT activity in the presence of NFIC 

siRNA, suggesting that NFIC can still interact with G-br2 and G-br3 in the absence 

of G-br1. Knock-down of NFIA in pCAT/GFAP-1708 G-br2*/G-br3*-transfected 

cells produced the most dramatic decrease in CAT activity. As expected, only 

minor variations compared to basal CAT activity were observed in cells transfected 

with the triple mutant construct. These results indicate that G-br1 plays a major 

role in GFAP regulation although it is clear that G-br2 and G-br3 are also involved 

in this process.  Mutation analysis in the context of the GFAP-1708 promoter 

suggests a positive regulatory role for NFIA primarily through G-br1, and an 

inhibitory role for NFIC primarily through G-br2 and G-br3.  
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Figure 2-10: Mutational Analysis of NFI binding sites in the GFAP promoter
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Figure 2-10: Mutational Analysis of NFI binding sites in the GFAP promoter. 
(A) Schematic diagram of the GFAP promoter region showing the relative location 
of the three NFI binding sites and the names of the wild-type (pCAT/GFAP-168 
and pCAT/GFAP-1708 carrying 168 and 1708 of 5’ flanking DNA, respectively) and 
mutant (pCAT/GFAP-168 G-br1* with mutated G-br1, pCAT/GFAP-1708 G-br1*, 
pCAT/GFAP-1708 G-br2*/3* with mutated G-br2 and G-br3, and pCAT/GFAP-
1708 G-br1*/2*/3* mutated at all three NFI recognition sites) constructs. The 
transcription start site is indicated by the arrow. (B) CAT activity (in cpm) obtained 
upon transfecting U251 cells with each of the wild-type and mutant constructs 
indicated in (A) as well as pCAT basic (containing neither promoter nor enhancer). 

Four g of DNA were used to transfect each 60 mm plate. (C) Relative CAT activity 
obtained from U251 cells transfected with 10 nM control, NFIA, NFIB, NFIC, or 
NFIX siRNA, followed 24 h later by transfection with the indicated CAT reporter 
constructs (4 µg per 60 mm plate). Changes in CAT activity are relative to the CAT 
activity obtained in cells co-transfected with the indicated pCAT construct and 
control siRNA. The data are from three independent experiments, each carried out 
in duplicate. S.E.M. is indicated by the error bars. Statistical significance, 
determined using the paired t-test (B) and unpaired t-test (C), is indicated by one 
asterisk (P <0.05) or two asterisks (P <0.001).
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2.3.8 Combined NFI knock-downs reveal cross-talk between all four 

members of the NFI family 

As shown earlier, knock-down of one NFI can affect the levels of other NFIs, 

suggesting cross-talk between different members of the NFI family. To further 

investigate the possibility of cross-talk or compensatory feedback loops within the 

NFI family, we transfected U251 cells with the following combinations of NFI siRNAs: 

NFIA/NFIB, NFIC/NFIX, NFIA/NFIB/NFIC, NFIA/NFB/NFIX, and 

NFIA/NFIB/NFIC/NFIX (Figure 2-11). For these experiments, the total concentration 

of siRNA used per plate ranged from 10 nM for single transfectants (NFIA) to 40 nM 

for quadruple siRNA transfectants (NFIA/NFIB/NFIC/NFIX). As shown in Figure 2-

12, similar results were obtained for the quadruple knock-downs when the total 

amount of siRNA transfected per plate was 10 nM.   

Transfection of combined NFIA/NFIB siRNAs resulted in increased GFAP 

promoter activity compared with NFIA siRNA alone (Figure 2-11A). There was a 1.5-

fold increase in CAT activity in cells transfected with combined NFIC/NFIX siRNAs, 

whereas combined NFIA/NFIB/NFIC siRNAs generated close to control levels of 

CAT activity. Knock-down of all four NFIs resulted in a 60% decrease in CAT activity 

compared to control transfectants. These data support a role for all four NFIs in 

episomal GFAP regulation, and also indicate that the ratio of the four NFIs may be 

an important determinant of GFAP transcriptional activity, thus explaining the 

“normalization” of GFAP promoter activity observed upon transfection of multiple 

NFI siRNAs.    



 

109 
 

In contrast to the GFAP promoter, knock-down of combined NFIA/NFIB in 

pCAT/B-FABP-1785 transfectants resulted in a cumulative decrease in B-FABP 

promoter activity [to background levels (or 27% of the levels observed with 

scrambled siRNA) and 48% of levels observed with NFIA siRNA] (Figure 2-11B). 

These results suggest an important role for both NFIA and NFIB in B-FABP 

transcription. It is noteworthy that in spite of targeting all three positive-acting NFIs 

while retaining the inhibitory NFIC, the NFIA/NFIB/NFIX siRNA combination did not 

result in a further decrease in CAT activity compared to the NFIA knock-down. 

Inclusion of NFIC siRNA in any combination of NFI siRNAs (NFIC/NFIX, 

NFIA/NFIB/NFIC, NFIA/NFIB/NFIC/NFIX) increased B-FABP promoter activity, 

although the fold increase in CAT activity was lower than that obtained with NFIC 

siRNA alone (Figure 2-8) and a significant increase was only observed with the 

NFIC/NFIX siRNA combination (Figure 2-11B). The quenching effect observed upon 

transfection of NFIX siRNA along with NFIC siRNA (compared to NFIC siRNA alone) 

suggest a positive role for NFIX on B-FABP promoter activity, even though single 

NFIX knock-down has little effect on this promoter. Cultures transfected with all four 

NFI siRNAs still showed a 2-fold increase in CAT activity compared to control 

transfectants, demonstrating the complex interplay between the positive-acting and 

negative-acting NFIs. 

We then investigated how knock-down of combined NFIs might affect 

endogenous GFAP and B-FABP RNA levels. In agreement with the single NFI 

knock-down data indicating roles for all four NFIs in endogenous GFAP regulation 

(Figures 2-8 and 2-9), all combinations of NFI siRNAs tested generated significant 
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decreases in endogenous GFAP levels (Figure 2-11C). The most significant 

reductions in GFAP RNA were observed when NFIC siRNA was included in the 

siRNA mixes, as predicted by the single NFIC siRNA knock-down data. Although 

decreases in endogenous B-FABP RNA levels were also observed with all 

combinations of NFI siRNAs tested, fold-changes were of considerably lower 

magnitude than those obtained for endogenous GFAP (2-11D).    
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Figure 2-11: Regulation of episomal and endogenous GFAP and B-FABP 

promoter activity by combined NFI knock-downs 
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Figure 2-11: Regulation of episomal and endogenous GFAP and B-FABP 
promoter activity by combined NFI knock-downs. U251 cells were transfected 
with control (scrambled), NFIA, NFIA/NFIB, NFIC/NFIX, NFIA/NFIB/NFIC, 
NFIA/NFIB/NFIX or NFIA/NFIB/NFIC/NFIX Stealth siRNAs (10 nM for each siRNA). 
(A, B) Following siRNA transfection, cells were transfected with pCAT/GFAP-1708 
(A) or pCAT/B-FABP-1785 (B) (4 µg per 60 mm plate) 24 h later. Cells were 
harvested after an additional 60 h, lysed and assayed for CAT activity. Changes in 
CAT activity are relative to the CAT activity obtained in cells co-transfected with 
control siRNA and either pCAT/GFAP-1708 or pCAT/B-FABP-1785. The data are 
from three independent experiments. S.E.M. is indicated by the error bars. Statistical 
significance, determined by the unpaired t-test, is indicated by one asterisk (P <0.05) 
or two asterisks (P <0.001). (C, D) Quantitative RT-PCR analysis of endogenous 
GFAP (C) and B-FABP (D) RNA in U251 cells transfected with NFI siRNAs. Cells 
were harvested 60 h after transfection. GAPDH served as the standard. S.E.M is 
indicated by the error bars.    
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Figure 2-12: Comparison of CAT activity and NFI RNA levels in cells 
transfected with 10 nM versus 40 nM NFI siRNAs 
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Figure 2-12: Comparison of CAT activity and NFI RNA levels in cells 
transfected with 10 nM versus 40 nM NFI siRNAs. (A) U251 cells were 
transfected with the following combinations of siRNAs: mix A – 10 nM each of NFIA, 
NFIB, NFIC and NFIX siRNAs for a total concentration of 40 nM; mix B – 5 nM each 
of NFIA, NFIB, NFIC and NFIX siRNAs for a total concentration of 20 nM; and mix 
C – 2.5 nM each of NFIA, NFIB, NFIC and NFIX siRNAs for a total concentration of 
10 nM.  Cells were transfected one day later with pCAT/GFAP-1705 (4 µg per 60 
mm plate) and CAT activity measured (in cpm). There was no significant difference 
in the CAT activity obtained with the three siRNA mixes. (B) Hirt DNA is included to 
demonstrate that there was little variation in the amount of transfected pCAT/GFAP-
1705 DNA from plate-to-plate. (C) Quantitative RT-PCR analysis of NFIA, NFIB, 
NFIC, and NFIX in cells transfected with NFI siRNA mix A (40 nM) and NFI siRNA 
mix C (10 nM). All four NFIs were effectively reduced using both 40 nM and 10 nM 
total NFI siRNA.  
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2.4 Discussion 

B-FABP and GFAP are normally found in radial glial cells and astrocytes, 

respectively, and are co-expressed in malignant glioma tumours and in a subset of 

malignant glioma cell lines (Godbout et al., 1998). Previous experiments by us and 

by others have demonstrated that NFIs are involved in the regulation of the B-FABP 

and GFAP genes (Besnard et al., 1991; Bisgrove et al., 2000; Cebolla and Vallejo, 

2006; Gopalan et al., 2006a; Masood et al., 1993). Tissue-specific expression 

patterns support a role for NFIs, particularly NFIA, NFIB and NFIX, in the regulation 

of genes expressed in glial cells. For example, in postnatal mice, NFIA and NFIB 

localize primarily to the white matter of the cerebral cortex, suggesting a glial cell-

specific distribution (Chaudhry et al., 1997). In humans, NFIA and NFIX are 

expressed in glial cells where they appear to have greater transactivation capacity 

than NFIC (Krebs et al., 1996; Sumner et al., 1996). A role for NFIA and NFIB in glia 

is supported by the observation that both Nfia-/- and Nfib-/- mice show losses of 

midline glial structures, which are accompanied by significant reductions in GFAP 

levels (das Neves et al., 1999b; Steele-Perkins et al., 2005). While brain defects 

have been reported in Nfix-/- mice, there is no indication of glial defects in these 

mice and GFAP RNA levels are not altered (Driller et al., 2007).  

We show here that all four NFIs are expressed in malignant glioma cell lines, 

with a trend towards higher levels of NFIB RNA in B-FABP/GFAP-positive versus B-

FABP/GFAP-negative lines. Both ectopic over-expression and RNA interference 

were used to investigate the consequence of modulating levels of NFIs on GFAP- 

and B-FABP-driven CAT reporter activity. There was general agreement between 
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the two approaches in that NFIA had the strongest positive effect on GFAP promoter 

activity, followed by NFIB and NFIX. The NFI knock-down data further suggested 

that NFIC plays a negative role in the regulation of GFAP. In the case of B-FABP, 

the NFI over-expression and knock-down data both supported a role for NFIC in the 

down-regulation of B-FABP transcription. Knock-down experiments also 

demonstrated a role for NFIA and NFIB in the up-regulation of B-FABP promoter 

activity, with the most dramatic effect observed when both NFIA and NFIB were 

targeted by siRNAs. These results suggest that NFIA/NFIB heterodimers may be 

particularly effective in the activation of B-FABP transcription. A summary of the 

combined data obtained with the NFI knock-down/CAT reporter gene assay is 

schematically represented in Figure 2-13A. 

 In contrast to ectopic promoter activity, NFI over-expression had no effect on 

either endogenous GFAP or B-FABP levels, indicating that: (i) factors in addition to 

NFI are required for the expression of these two genes, and (ii) at least some of 

these factors are in limiting amounts. RNA interference experiments revealed an 

important role for each NFI in the up-regulation of GFAP, with knock-down of each 

NFI accompanied by dramatic decreases in endogenous GFAP RNA (and 

subsequently protein) levels. These results indicate that although knock-down of 

one NFI can affect the levels of a different NFI (e.g. up-regulation of NFIA upon NFIB 

knock-down), members of the NFI family cannot fully compensate for one another 

in the case of GFAP. Thus, all four NFIs, or the ratio of the four NFIs, may play 

critical roles in GFAP regulation.  
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Figure 2-13: Model of NFI transcriptional activity. (A) Schematic representation 
of the relative importance (indicated by font size) of the different NFIs in the up-
regulation (green color) and down-regulation (red color) of GFAP and B-FABP 
promoter activity in an episomal context. (B) Roles of NFIs in a chromosomal 
promoter context using GFAP as our model. By binding to histone H3, NFIC (and 
possibly other NFIs) relaxes the nucleosome structure, thus facilitating binding of 
NFIs and other transcription factors to GFAP upstream sequences.  
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Although results obtained with the ectopic versus endogenous GFAP 

promoter are mostly in agreement, the reduction in endogenous GFAP RNA (and 

protein) levels observed upon NFIC knock-down is inconsistent with the proposed 

inhibitory role for NFIC in the context of episomal pCAT/GFAP-1708 DNA. Differing 

results have been reported by others upon comparing promoter activity in an 

episomal versus chromosomal context (Archer et al., 1992; Gerber et al., 1997). A 

likely explanation for this discrepancy is the nucleosomal organization of 

chromosomal versus episomal promoters. While core histones in episomal DNA 

display similar stoichiometry to that found in chromosomal DNA, episomal templates 

have fewer H1 linker histones resulting in a lower level of nucleosome assembly 

(thus facilitating access to transcription factors) compared to chromosomal DNA 

(Hebbar and Archer, 2008). In this regard, it is important to note that NFIC has been 

shown to play a chromatin restructuring role at target promoter sites by specifically 

binding histone H3 through its proline-rich transcriptional activation domain 

(Alevizopoulos et al., 1995).  A consequence of NFIC knock-down may therefore be 

reconfiguration of the core nucleosome structure and reduced accessibility of the 

endogenous GFAP promoter to transcription factors (Figure 2-13B). We propose 

that NFIC functions as a transcriptional activator in the context of the endogenous 

GFAP promoter through its chromatin restructuring role and as a transcriptional 

repressor in the context of the episomal GFAP promoter through its classic DNA-

binding transcription factor role. In contrast, NFIA, NFIB and NFIX appear to serve 

as classic promoter-binding transcriptional activators regardless of GFAP promoter 

context.  
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Single and combined NFI knock-downs had limited effects on endogenous B-

FABP RNA levels, with a maximum reduction of ~60% observed in the NFIA/B/C/X 

quadruple knock-down. The increase in B-FABP RNA levels observed upon single 

NFIB knock-down is likely the consequence of a compensatory increase in NFIA. 

Furthermore, significant decreases in endogenous B-FABP protein levels were only 

observed after three rounds of NFI siRNA transfections and may be an indirect 

consequence of long-term reduction in NFI transcription activity as NFIs have 

numerous target genes. The different effects observed at the endogenous GFAP 

and B-FABP promoters upon NFI knock-down could be explained by: (i) the B-FABP 

transcript being more stable than the GFAP transcript, (i) NFIC not playing a role in 

chromatin remodeling at the B-FABP promoter, and/or (iii) different members of the 

NFI family being able to compensate for one another at the B-FABP but not the 

GFAP promoter.   

An important outcome of the NFI knock-down experiments was the discovery 

that there is cross-talk between different members of the NFI family. The 

consequence of NFIA knock-down was up-regulation of NFIX and vice versa, 

whereas knock-downs of NFIC and NFIB resulted in reduced NFIB and increased 

NFIA, respectively. These compensatory effects are in keeping with the 2.2-fold 

increase in Nfia observed in Nfib-/- mice (Steele-Perkins et al., 2005) and the 1.3-

fold increase in Nfib observed in Nfia-/- mice (Wong et al., 2007). Thus, the increase 

in B-FABP RNA levels observed in the brains of Nfia-/- mice based on microarray 

analysis (Wong et al., 2007) may be explained by the compensatory increase in Nfib 

levels. 
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Chromatin immunoprecipitation assays have previously demonstrated 

occupancy of the endogenous GFAP promoter by NFIs in primary cortical 

neuroepithelial cells (Cebolla and Vallejo, 2006). Here, we demonstrate that NFIs 

also occupy the promoter regions of the endogenous GFAP and B-FABP genes in 

U251 malignant glioma cells. In vitro gel shift experiments using nuclear extracts 

from B-FABP/GFAP-negative T98 and B-FABP/GFAP-positive U251 cell lines 

revealed binding of NFIs to NFI recognition sites in the GFAP and B-FABP 

promoters. Retarded bands of similar intensities were observed with both extracts, 

in spite of the fact that T98 has lower levels of NFI RNA compared to U251. Possible 

explanations for this apparent discrepancy include: (i) NFI RNA levels may not 

reflect NFI protein levels in T98 and U251 cells, (ii) hyperphosphorylation of NFIs in 

T98 may stabilize the protein, or (iii) hyperphosphorylated NFIs may bind more 

tightly to NFI recognition sites in vitro (although the literature would suggest 

otherwise) (Yang et al., 1993). 

To investigate whether different members of the NFI family can preferentially 

bind to the NFI recognition sites found upstream of the GFAP and B-FABP 

promoters, we carried out gel shifts with nuclear extracts prepared from T98 cells 

over-expressing individual NFIs. NFIX showed the least discrimination for NFI 

recognition sites, effectively binding to the three G-br binding sites in the GFAP 

promoter and the three B-br binding sites in the B-FABP promoter in vitro. NFIA 

could also bind to all six NFI recognition sites, although only weakly to B-br3. NFIC 

appeared to recognize B-br binding sites much more efficiently than G-br sites, with 
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strong binding to all three B-br sites. NFIB showed the highest degree of 

discrimination, binding to G-br2, B-br1 and B-br2, and to a lesser extent G-br1. 

We examined the sequences of the B-FABP and GFAP NFI binding sites in 

an attempt to link DNA binding by the more discriminatory NFIs to one or more 

specific target sequences. We found that none of the six NFI binding sites (B-br1, 

B-br2, B-br3, G-br1, G-br2, G-br3) were identical to one another and none were 

identical to the 15-bp NFI consensus binding site TTGGCN5GCCAA. The six NFI 

binding sites each had one to three bp deviations from the consensus sequence. 

With the exception of B-br2 (4 bp internal spacer), all had a 5 bp internal spacer. 

Interestingly, NFI binding sites most closely resembling the consensus sequence 

(e.g B-br2, with a single bp substitution at position 1; G-br2, with two bp substitutions 

at positions 11 and 12) were bound equally well by all four NFIs. With the exception 

of B-br1, NFI binding sites with three bp substitutions (e.g. G-br3, B-br3) 

demonstrated the highest degree of differential binding.  

There was little correlation between the ability of NFIs to bind to G-br and B-

br sites and NFI transcription activity. For example, even though NFIX and NFIA 

both formed complexes with all six G-br/B-br oligonucleotides, NFIX knock-down 

had little effect on B-FABP-driven CAT activity whereas NFIA knock-down 

decreased the activity of both the GFAP and B-FABP promoters. These results are 

in agreement with other reports indicating that transcription factor binding affinity is 

a poor predictor of transcription activity (Bachurski et al., 2003; Osada et al., 1999). 

Furthermore, mutation of individual or combined G-br recognition sites suggests 

context-dependent binding by NFIs, with NFIB knock-down having the strongest 
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effect on G-br1 in the context of the -168 bp upstream region, and NFIA knock-down 

resulting in a significant decrease in CAT activity when in the context of the -1708 

bp upstream region mutated at G-br2* and G-br3* (leaving only the G-br1 intact). It 

is clear that factors other than ability to bind NFI consensus sites in vitro are 

important for NFI transactivation, including recruitment of transcriptional co-factors 

and/or cooperative interactions with different members of the NFI family or factors 

that bind to neighboring elements. 

A number of transcription factors and pathways have been implicated in B-

FABP and GFAP regulation. For example, B-FABP has recently been shown to be 

a downstream target of the Notch effector CBF1 in radial glial cells and of Pax6 in 

the neuroepithelial cells of the developing rat cortex (Anthony et al., 2005; Arai et 

al., 2005). Previous work has identified a radial glial element located within 800 bp 

of the B-FABP transcription start site (Feng and Heintz, 1995) and a hybrid Pbx/POU 

binding site at -370 bp (Josephson et al., 1998). Similarly, AP-1 (Gopalan et al., 

2006a) and the TGF-, MAP kinase, PI-3-kinase and Smad pathways (Romao et 

al., 2008) are believed to be involved in the regulation of GFAP in astrocytes. Our 

data indicate that NFIs, in conjunction with other transcription factors, should be 

added to the list of important transcription factors involved in the control of B-FABP 

and GFAP expression.  

In conclusion, our data demonstrate the importance of all four NFIs, in 

conjunction with NFI phosphorylation, in the regulation of GFAP and B-FABP 

promoter activity in malignant glioma cells. We show that there is cross-talk between 

the different members of the NFI family and that particular NFIs or combinations of 
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NFIs (either in the form of homodimers or heterodimers) are more effective at up-

regulating or down-regulating GFAP and B-FABP promoter activity. Of note, 

significant differences in NFI transcriptional activity were observed depending on 

whether the promoter was in a chromosomal or episomal configuration, likely 

reflecting a dual role for NFIs in chromatin remodeling and as classic transcription 

factors. Future work will involve chromatin immunoprecipitation to study the in vivo 

occupancy of individual NFIs at the endogenous GFAP and B-FABP promoters and 

to identify additional NFI target genes in malignant glioma.    
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Chapter 3  

 

 

NUCLEAR FACTOR I REGULATES EXPRESSION 
OF HEY1 IN MALIGNANT GLIOMA  
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3.1  Introduction 

Grade III (or anaplastic astrocytoma) and IV (or glioblastoma) astrocytomas, 

collectively referred to as malignant glioma (MG), are the most common adult brain 

tumours (Ohgaki and Kleihues, 2005b). Despite aggressive treatment including 

surgical resection, radiotherapy, and adjuvant chemotherapy with temozolomide, 

the median survival is less than 2 years (Mason et al., 2007; Stupp et al., 2005). 

These tumours are highly infiltrative, resulting in high recurrence and treatment 

failure. MGs express brain fatty acid-binding protein (B-FABP, FABP7 or BLBP), and 

the intermediate filament protein glial fibrillary acidic protein (GFAP), two proteins 

expressed in the glial cell lineage (Doetsch, 2003a; Godbout et al., 1998). B-FABP 

is expressed in radial glial cells, which act as neural precursors in the brain (Anthony 

et al., 2004; Feng et al., 1994), whereas GFAP is expressed in astrocytes, including 

subventricular zone astrocytes (Doetsch et al., 1999a). B-FABP expression is 

associated with increased migration in MG cell lines and sites of infiltration in grade 

IV astrocytoma tumours (Mita et al., 2007). Elevated levels of B-FABP have been 

shown to correlate with a worse prognosis in grade IV astrocytomas (De Rosa et al., 

2012; Kaloshi et al., 2007; Liang et al., 2005).  

The Nuclear Factor I (NFI) family of transcription factors regulates expression 

of the B-FABP and GFAP genes in MG (Chapter 2) (Bisgrove et al., 2000). The four 

members of the NFI family (NFIA, B, C and X) bind to the consensus binding site 5’-

TTGGCA(N5)GCCAA-3’ as homo- and heterodimers (Gronostajski, 1986; Kruse et 

al., 1991; Kruse and Sippel, 1994b). While the N-terminal DNA binding and 

dimerization domain is highly conserved among NFI family members, the C-terminal 
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domain is more divergent, resulting in variation in transactivation potential 

(Chaudhry et al., 1998). NFIs can activate or repress the expression of genes with 

NFI-dependent promoters, and regulation of transcription is dependent on promoter 

context and is tissue-specific (Chapter 2) (Gronostajski, 2000).  

NFI binding sites are enriched in brain-specific promoters (Amemiya et al., 

1992) and NFIs are important regulators of gliogenesis and astrocyte differentiation 

in the developing central nervous system (Deneen et al., 2006; Namihira et al., 

2009). NFIA is necessary for the onset of gliogenesis downstream of Notch signaling 

(Namihira et al., 2009). Following glial fate specification, NFIA further promotes 

astrocyte differentiation and antagonizes oligodendrocyte differentiation (Deneen et 

al., 2006; Glasgow et al., 2014; Kang et al., 2012). Nfia-/-, Nfib-/- and Nfix-/- mice all 

display delayed neuronal and glial cell differentiation in the brain (Betancourt et al., 

2014; das Neves et al., 1999a; Driller et al., 2007; Heng et al., 2014; Shu et al., 

2003; Steele-Perkins et al., 2005; Wong et al., 2007). 

NFIA expression is increased in MG compared to normal brain, with 

expression detected in 48% of cells in grade III, and 37% of cells in grade IV 

astrocytomas (Lee et al., 2014; Song et al., 2010). NFIA is enriched in astrocytoma 

compared to other tumours, with fewer than 5% of cells expressing NFIA in 

oligodendrogliomas and other brain tumours. Furthermore, expression of NFIA in an 

oligodendroglioma model promotes conversion to an astrocytoma-like phenotype 

(Glasgow et al., 2014). NFIA expression increases proliferation and migration in both 

MG cell lines and in orthotopic xenografts through repression of p53, p21, and 

plasminogen activator inhibitor 1 (PAI1) (Glasgow et al., 2013; Lee et al., 2014).  
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 In order to identify additional NFI target genes in MG, we performed 

chromatin immunoprecipitation (ChIP)-on-chip using a pan-specific NFI antibody. 

We identified over 400 putative target genes, including HEY1, a Notch effector gene. 

HEY1 is expressed in the brain, and is important for maintenance of neural precursor 

cells (Sakamoto et al., 2003). In astrocytoma, expression of HEY1 correlates with 

increasing tumour grade, and with shorter survival based on a cohort of 62 GBM 

patients (Hulleman et al., 2009). Here, we show that NFI represses expression of 

HEY1 in MG cell lines, and conversely, HEY1 modulates expression glial genes 

including NFI. 
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3.2 Methods 

3.2.1 Cell lines, constructs, siRNAs, and transfections 

The human MG cell lines used in this study have been previously described 

(Chapter 2) (Godbout et al., 1998). Cells were cultured in Dulbecco’s modification of 

Eagle’s minimum essential medium (DMEM) supplemented with 10% fetal calf 

serum, penicillin (100 U/mL) and streptomycin (100 µg/mL).  

The pCH-NFI expression vectors pCH, pCH-NFIA, pCH-NFIB, pCH-NFIC 

and pCH-NFIX were obtained from Dr. R. Gronostajski (State University of New York 

at Buffalo). The luciferase reporter gene construct was prepared by inserting the 5’ 

HEY1 flanking DNA from -913 bp to +15 bp into the pGL3-Basic vector (Promega). 

Mutations of the -332 bp [Hey1-binding region 1 (H-br1)] and -794 bp (H-br3) NFI 

binding sites located upstream of the HEY1 transcription start site were generated 

using QuikChange site-directed mutagenesis (Agilent Technologies) using 

oligonucleotides with GG→AA mutations in the NFI binding sites. The double mutant 

(H-br1*/3*) was generated from the single H-br1* construct. Mutations were verified 

by sequence analysis.  

Stealth siRNAs (Life Technologies) were used to knockdown NFIA, NFIB, 

NFIC, NFIX, and HEY1: NM_005595_stealth_919 targeting 5′-

GAAAGUUCUUCAUACUACAGCAUGA-3′ (NFIA); NM_005596_stealth_1020 

targeting 5′-AAGCCACAAUGAUCCUGCCAAGAAU-3′ (NFIB); 

NM_005597_stealth_1045 targeting 5′-CAGAGAUGGACAAGUCACCAUUCAA-3′ 

(NFIC); NM_002501_stealth_752 targeting 5′-

GAGAGUAUCACAGACUCCUGUUGCA-3′ (NFIX); NM_ 012258.3_stealth_284 
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targeting 5’-UAGAGCCGAACUCAAGUUUCCAUUC-3’ and 

NM_012258.3_stealth_652 targeting 5’-UUGAGAUGCGAAACCAGUCGAACUC-3’ 

(HEY1). Scrambled siRNAs (cat. nos. 12935-200 and 12935-300) were used as 

negative controls. The siRNAs targeting NFI family members have been previously 

validated (Chapter 2).  

U251 MG cells were transfected using polyethylenimine (PEI) (Polysciences 

Inc.), and U87 MG cells were transfected using calcium phosphate-mediated DNA 

precipitation. Cells were transfected with 10 nM siRNAs using RNAiMAX-

Lipofectamine (Life Techonologies). Where indicated, cells were transfected first 

with siRNA, followed by plasmid transfection 24 h later. Cells were harvested 60 h 

after the last transfection. For 2X transfections with siRNAs, cells were transfected, 

grown to confluency, replated at 1/7 dilution, and transfected again. 

 

3.2.2 Chromatin immunoprecipitation-on-chip  

ChIP to isolate NFI-bound DNA was carried out following Agilent’s 

mammalian ChIP-on-chip protocol version 10.0 (May 2008). Briefly, ~ 8 x 108 U251 

MG cells were crosslinked with 1% formaldehyde for 12 min at room temperature, 

followed by addition of glycine to 0.125 M to terminate the crosslinking reaction. 

Cells were scraped in cold 1X phosphate buffered saline (PBS), and the cell pellet 

was frozen in liquid nitrogen. Cells were lysed in lysis buffer 1 [50 mM Hepes-NaOH 

pH 7.5, 140 mM NaCl, 1 mM EDTA (ethylene diamine tetraacetic acid), 10% 

glycerol, 0.5% Nonidet-P40, 0.25% Triton X-100, 1X Complete protease inhibitor 

(Roche)], and centrifuged at 1350 x g for 5 min at 4°C. The pellet was resuspended 
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in lysis buffer 2 [10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA 

(ethylene glycol tetraacetic acid), 1X Complete protease inhibitor], and centrifuged 

at 1350 x g for 5 min at 4°C to precipitate the nuclei. Nuclei were resuspended in 3 

mL lysis buffer 3 (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM 

EGTA, 0.1% sodium deoxycholate, 0.5% N-laurylsarcosine, 1X Complete protease 

inhibitor). Nuclei were sonicated 30 x 30 s at 30% output (model 300VT, Ultrasonic 

Homogenizer, BioLogics, Inc), and Triton X-100 added to a final concentration of 

1%. Cellular debris was removed by centrifugation and 50 µL of the ChIP lysate 

frozen at -20°C for input DNA (non-enriched control). The remaining ChIP lysate 

was precleared with Protein-A Sepharose beads (GE Healthcare). The precleared 

lysate was incubated with 3 µg anti-NFI antibody (Santa Cruz Biotechnology: Clone 

N-20, Cat. No. sc-870) and incubated at 4°C for 16 h. Protein-A Sepharose beads 

were added and incubated for 2 h at 4°C. Beads were washed 7X in wash buffer (50 

mM Hepes-KOH, 500 mM LiCl, 1 mM EDTA, 1% Nonidet-P40, 0.7% sodium 

deoxycholate), and 1X in TE with 50 mM NaCl at 4°C. Protein-DNA complexes were 

eluted in elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS) at 65°C for 

15 min. Elution buffer (3 volumes) was also added to input DNA. ChIP sample and 

input DNA were incubated at 65°C for 16 h to reverse crosslinks. RNA was digested 

with RNase A (0.2 mg/mL) for 2 h at 37°C, followed by protein digestion with 

proteinase K (0.2 mg/mL) in the presence of 0.2 mM CaCl2 at 55°C for 30 min. ChIP 

and input DNAs were purified by phenol:chloroform:isoamyl alcohol extraction and 

ethanol precipitation, and blunt-ended by addition of 1.5 U T4 DNA polymerase (New 

England Biolabs (NEB)) in the presence of 1X NEB Buffer 2, 5 µg BSA, and 100 µM 
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dNTPs and incubated at 12°C for 20 minutes. Phenol:chloroform:isoamyl alcohol 

extraction and ethanol precipitation were repeated, and linkers for ligation mediated-

PCR (LM-PCR) were ligated to blunt-end DNA with T4 DNA ligase (NEB) in 1X 

ligase buffer (Life Technologies) at 16°C for 16 h, followed by ethanol precipitation. 

Linkers (5’-GCGGTGACCCGGGAGATCTGAATTC-3’, and 5’-

GAATTCAGATC-3’) were prepared by annealing at 70°C for 1 min, and cooling 

slowly to 4°C. Input and ChIP DNAs were amplified by LM-PCR. PCR reactions 

containing input or ChIP DNAs, 1X Thermopol buffer (NEB), 250 µM dNTPs, 1 µM 

LM-PCR primer 5’-GCGGTGACCCGGGAGATCTGAATTC-3’, and 0.25 U Taq 

polymerase were carried out as follows: 55°C/4 min, 72°C/3 min, 95°C/2 min, 

(95°C/30 s, 60°C/30 s, 72°C/1 min) X 15, 72°C/5 min. One hundredth of the resulting 

PCR products were used in a second round of PCR amplification as described 

above for 25 cycles. The PCR products were precipitated with ethanol, resuspended 

in sterile H20, and diluted to 100 ng/µL.  

Input and ChIP DNAs were fluorescently labeled with Agilent Genomic DNA 

Labeling Kit PLUS (Agilent Technologies). For each reaction, 2 µg input or ChIP 

DNA were incubated with 5 µL Random Primers, 1X buffer, 1X dNTPs, 3 µL 1.0 mM 

Cyanine 3-dUTP (Cy3) (input DNA) or 3 µL 1.0 mM Cyanine 5-dUTP (Cy5) (ChIP 

DNA), and 1 µL Exo-Klenow DNA polymerase fragment in a final volume of 50 µL, 

and incubated at 37°C for 2 h, followed by 10 min incubation at 65°C to inactivate 

the enzyme. For hybridization, 5 µg Cy3-labeled DNA, 5 µg Cy5-labeled DNA, 50 

µg Human Cot1, 1X Agilent blocking agent, and 1X Agilent hybridization buffer per 

slide were heated for 3 min at 95°C, followed by incubation at 37°C for 30 min, then 
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applied to the Agilent Human Promoter 1 ChIP-on-chip 244K 014706 and 014797 

(Agilent Technologies) in duplicate (4 slides total). Slides were hybridized with 

shaking (20 RPM) in a hybridization oven at 65°C for 40 h. The slides were then 

washed 1X with Oligo aCGH/ChIP-on-chip wash buffer (Agilent Technologies) at 

room temperature and 1X with Oligo aCGH/ChIP-on-chip wash buffer at 31°C. 

Slides were scanned on a GenePix 4000B scanner, and data extracted using Agilent 

Feature Extraction Software (Agilent Technologies. Data was analyzed using Agilent 

Genomic Workbench (Agilent Technologies).  

 

3.2.3 Electrophoretic mobility shift assays (EMSAs) 

EMSAs were carried out as previously described (O'Brien et al., 1995). 

Putative NFI binding sequences in the HEY1 promoter are listed in Figure 3-1A. 

Complementary oligonucleotides (Figure 3-1B) were annealed and radiolabeled by 

Klenow polymerase in the presence of α-32P-deoxycytidine triphosphate. 

Oligonucleotides containing mutated NFI binding sites were generated by 

substituting AA for the conserved GG at positions 3 and 4 of the NFI consensus 

binding site (Figure 3-1B). Nuclear extracts were prepared from untransfected U251 

MG cells as described previously (Roy et al., 1991), and nuclear extracts from U251 

MG cells transfected with pCH, pCH-NFIA, pCH-NFIB, pCH-NFIC, and pCH-NFIX 

were prepared using the Thermo Scientific NE-PER Nuclear and Cytoplasmic 

Extraction Kit (Life Technologies). Nuclear extracts (3 µg for untransfected U251 MG 

cells, 2 µg for pCH-transfected cells, 3 µg for pCH-NFIA-transfected cells, 4 µg for 

pCH-NFIB-transfected cells, 1 µg for pCH-NFIC-transfected cells, and 2 µg for pCH-
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NFIX-transfected cells) were preincubated in binding buffer (20 mM Hepes pH 7.9, 

20 mM KCl, 1 mM spermidine, 10 mM dithiothreitol, 10% glycerol, 0.1% Nonidet P-

40) in the presence of 1.25 µg poly(dI-dC) for 10 min at room temperature. Where 

indicated, a 100X molar excess of competitor oligonucleotide was included during 

preincubation. Radiolabeled oligonucleotides were added to the reaction mixture 

and incubated 20 min at room temperature. For supershift experiments, 1 µL anti-

NFI antibody (a gift from Dr. N. Tanese, New York University Medical Center), 1 µL 

anti-AP2 antibody (negative control) (Santa Cruz Biotechnology Inc.: Clone C18, Cat 

No. sc-184) or 1 µL anti-Pax6 (negative control) (Developmental Studies Hybridoma 

Bank maintained by the University of Iowa under contract NO1-HD-7-3263 from the 

NICHD) was added with the radiolabeled oligonucleotides. DNA-protein complexes 

were electrophoresed in 6% native polyacrylamide gels in 0.5X TBE buffer, and 

exposed to film. 

 

3.2.4 Western blot analysis  

Nuclear extracts were prepared using Thermo-Scientific NE-PER Nuclear 

and Cytoplasmic Extraction Kit (Life Technologies). Protein extracts were 

electrophoresed in 8% polyacrylamide-SDS gel and transferred to PVDF 

(polyvinylidene fluoride) membrane. The membrane was immunostained with 

mouse anti-HA antibody (Sigma: Clone HA-7, Cat. No. H9658) (1:10 000) and rabbit 

anti-DDX1 antibody (Bleoo et al., 2001) (1:5000). Primary antibodies were detected 

with horseradish-peroxidase-conjugated secondary antibodies (Jackson 

ImmunoResearch Biotech) using Immobilon (EMD Millipore). 
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3.2.5 Quantitative real time-PCR (qPCR) 

Total RNA was isolated from MG cells with the RNeasy Plus Kit (Qiagen), 

and cDNA synthesized with Superscript II reverse transcriptase (Life Technologies). 

qPCR was carried out using an ABI 7900HT Fast Real-Time PCR System, with 

gene-specific oligonucleotides labeled at the 5’ end with the fluorescent reporter dye 

FAM (NFIA, Hs00325656_m1; NFIB, Hs00232149_m1; NFIC, Hs00907819_m1; 

NFIX, Hs00958849_m1; GFAP, Hs00157674_m1; B-FABP, Hs00361426_m1; 

NES, Hs04187831_g1: HEY1, Hs01114113_m1; GAPDH, Hs99999905_m1) and 

Taqman Fast Master Mix (Life Technologies). All samples were tested in triplicate, 

and gene expression normalized to GAPDH. 

 

3.2.6 Reporter gene assay 

U251 MG cells were cultured in 12-well cell culture plates. Following 

transfection (see Section 3.2.1), cells were harvested in 250 µL of 1X Luciferase 

Cell Culture Lysis Buffer (Promega), and stored at -80°C. Luciferase activity was 

measured in 20 µL aliquots of lysate following automatic injection of 100 µL of 

Luciferase Assay Reagent (Promega) using a FLUOstar Optima microplate reader 

(BMG Labtech). 
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3.3 Results 

3.3.1 Chromatin immunoprecipitation (ChIP)-on-chip of NFI binding regions 

To identify NFI target genes in MG, we hybridized NFI-bound 

immunoprecipitated DNA in duplicate to Agilent Human Promoter 1 arrays (Agilent 

Technologies). These arrays contain probes from -5.5 kb upstream to +2.5 kb 

downstream from the transcription start site of ~17 000 RefSeq genes. Arrays were 

analyzed with ChIP Analytics software (Agilent Technologies) resulting in the 

identification of 403 genes with enriched binding based on a cutoff of log (2) ratio 

>0.85 (enrichment of >1.8 fold) (p<0.01) (Table 3-1). The list includes previously 

identified NFI target genes including GFAP (Chapter 2) (Cebolla and Vallejo, 2006; 

Gopalan et al., 2006b), p21 (CDKN1A) (Lee et al., 2014; Ouellet et al., 2006), and 

neurofilament (NEFL) (Amemiya et al., 1992). 

Gene ontology (GO) enrichment analysis (GO biological process complete 

annotation data set, 27 378 terms) of NFI putative target genes revealed enrichment 

in several developmental processes, including system development, organ 

morphogenesis, differentiation, and specifically cardiovascular, skeletal, and 

neuronal development (Table 3-2) (2015; Ashburner et al., 2000). NFI target genes 

also demonstrated enrichment for genes involved in regulation of gene expression, 

both positive and negative, and transcription from RNA pol II promoters (Table 3-2), 

suggesting NFI is upstream of additional factors involved in regulating gene 

expression. In addition, GO enrichment analysis using the PANTHER GO Slim 

Biological Process annotation data set, which contains 257 biological process 

rectang 
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Table 3-1: Putative NFI target genes identified by ChIP-on-chip.  
Continued next page. 

Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

A2M 12 9113245 Inside 2.3449 2.13 

ABCD3 1 94655702 Promoter 0.8391 0.8578 

ABL1 9 132699679 Promoter 1.9824 2.8428 

ABLIM1 10 116434625 Promoter  1.2935 

ACTA2 10 90700226 Inside 1.2636 1.5899 

ADAM12 10 128065860 Inside 1.3293 1.0154 

ADIPOR2 12 1669620 Promoter 1.6344 1.0305 

AKAP12 6 151604981 Inside 1.0677 0.5923 

AP3S2 15 88238623 Promoter 2.3766 4.452 

AP4S1 14 30605761 Inside 4.1749 2.6825 

ARAP2 4 35922189 Inside 0.883 0.9511 

ARFGEF2 20 46973980 Inside 1.0145 1.6826 

ARID3A 19 873094 Promoter 1.3973 2.8587 

ARID5A 2 96561634 Promoter 1.3574 1.4605 

ARNTL2 12 27378226 Inside 2.9563 1.4642 

ASPH 8 62788839 Inside 1.3963 0.9914 

ASXL1 20 30408852 Promoter 1.8043 1.819 

AZI2 3 28365132 Inside 0.8752 0.9516 

B3GAT2 6 71723193 Inside 0.5558 1.0723 

BARD1 2 215383130 Promoter 0.8541 0.8832 

BARX1 9 95757258 Inside 0.9012 0.9674 

BBS4 15 70766186 Inside 0.9716 0.883 

BCOR X 39844258 Promoter 1.123 0.9873 

BHLHE40 3 4997058 Inside 1.9107 1.9376 

BIVM 13 102250488 Inside 1.5475 1.7952 

BMPR1A 10 88623573 Inside 2.0163 1.427 

BOK 2 242146996 Inside 2.8644  

C12orf50 12 86945053 Inside  1.3029 

C14orf93 14 22548858 Inside 2.1231 0.6826 

C4orf46 4 159811801 Inside 0.8529 0.795 

C6orf226 6 42966730 Promoter 0.9194 0.8339 

C6orf48 6 31902882 Promoter 2.9354 1.9704 

CAB39L 13 48871772 Inside  2.7623 

CALD1 7 134221728 Promoter 1.043 0.8438 

CALU 7 128168470 Inside 1.0949 1.0157 

CAMK1 3 9787282 Promoter 0.7474 1.2159 

CAPS2 12 74070664 Inside 1.5286 0.6155 

CASD1 7 93978527 Inside 0.9683 0.7883 

CAST 5 96080515 Inside 0.7114 0.86 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

CBLN3 14 23964730 Downstream 2.1749 1.75 

CCBE1 18 55519524 Promoter 1.0248 1.228 

CCDC150 2 197212889 Inside 1.0609 0.7303 

CCDC18 1 93417823 Promoter 1.6742 2.8547 

CCDC63 12 109767259 Promoter 1.3922 2.3241 

CCDC89 11 85075244 Promoter 0.7093 0.9903 

CCL2 17 29605928 Promoter 1.4862 1.5466 

CCM2 7 45005877 Promoter 0.8848 0.8779 

CCNA1 13 35900528 Promoter 2.7599 5.2676 

CCNL1 3 158360010 Inside 0.9441 0.8409 

CCNT2 2 135393397 Inside 0.931 0.7432 

CCNYL1 2 208284923 Inside 0.9386 0.7282 

CCRN4L 4 140156163 Promoter 0.9815 1.0638 

CCT4 2 61968894 Inside 1.0762 1.4236 

CD274 9 5440826 Inside 1.3285 2.3594 

CD55 1 205561713 Inside 0.8691 0.8141 

CDH26 20 58001523 Promoter 1.9592 0.7257 

CDK1 10 62209644 Promoter 1.8754 0.6561 

CDKL1 14 49936425 Promoter 1.1446 1.6956 

CDKN1A 6 36756502 Inside 0.881 0.6717 

CDR2 16 22291327 Inside 2.3448 2.1586 

CEP170-
SDCCAG8 1 241485512 

Divergent 
promoter  1.941 2.2168 

CEP85 1 26474887 Inside 0.8501 0.6725 

CHL1 3 215054 Inside 0.9341 0.9227 

CHST12 7 2406240 Promoter 1.479 1.446 

CLEC18C 17 3238495 Inside 0.7295 1.1596 

CLEC2D 12 9714034 Inside 3.1749  

CNNM3 2 96845754 Inside 0.8178 0.8617 

COL12A1 6 75970048 Inside 0.7777 1.3099 

COQ4 9 130124836 Inside 5.9865  

CORO1C 12 107647973 Inside 1.3954 0.9799 

CSF1R 5 149472454 Inside 1.5463 1.2047 

CSRP3 11 19178852 Inside 1.6173 1.7579 

CTGF 6 132317596 Promoter 1.1817 0.9029 

CTHRC1 8 104453722 Inside 1.5791 1.3662 

CTNNA1 5 138118093 Inside 1.1389 1.0538 

CTNND2 5 11957555 Promoter 1.0407 0.9424 

CTR9 11 10728883 Promoter  2.6155 

CUL1 7 148026670 Promoter 0.8901 0.9048 

CXCL9 4 77152060 Promoter 0.9205 0.9392 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

CXXC5 5 139008561 Promoter 0.9512 0.9865 

CYBRD1 2 172087903 Inside 0.8191 0.9964 

DALRD3 3 49030738 Inside 0.7058 0.8781 

DCAF6 1 166173189 Inside 1.3486 0.5098 

DCBLD2 3 100107833 Promoter 1.4793 1.5552 

DDB2 11 47194632 Inside 0.9606 1.1489 

DEFB118 20 29420503 Inside  2.867 

DEPTOR 8 120955481 Inside 1.1023 0.8643 

DLAT 11 111398703 Promoter 1.7599 3.5086 

DNAH5 5 13998104 Promoter 1.0857 0.9746 

DNAJB6 7 156824418 Inside 1.5893 1.8169 

DNMBP 10 101727078 Promoter  1.9456 

DTWD1 15 47700817 Inside  1.9236 

DUSP14 17 32922698 Promoter 1.0192 1.0282 

DUSP22 6 236964 Promoter 1.0673 1.414 

DYRK3 1 204876002 Inside 1.046 1.1218 

E2F5 8 86320350 Downstream 1.5241 1.2968 

EFCAB2 1 243201339 Inside 1.4662 1.2058 

EIF4A2 3 187983486 Promoter 1.0448 1.5373 

ELL3 15 41856955 Promoter 4.2047 1.9385 

EMP1 12 13237614 Promoter 1.2064 1.9012 

ENAH 1 223910311 Promoter 1.1427 1.0571 

ENO1 1 8862939 Promoter  3.1611 

EPAS1 2 46380123 Inside 0.6408 0.9732 

EPB41L3 18 5538249 Promoter  2.1301 

ERLIN2 8 37713231 Promoter 4.0235 1.1796 

ERRFI1 1 8008978 Promoter 0.7638 0.883 

ETV1 7 13998960 Promoter 2.4876 2.8207 

F12 5 176763982 Inside 1.4547 1.3798 

FAM133A X 92820651 Inside 2.1749 1.3386 

FAM150B 2 278156 Inside 1.0176 1.0877 

FAM160A2 11 6210731 Inside 1.3302 2.3487 

FAM184A 6 119442219 Promoter 2.467  

FAM198B 4 159310123 Inside 1.6559 0.8468 

FAM212B 1 112084649 Promoter 1.2915 1.2984 

FAM26D 6 116986039 Inside 0.9273 1.1093 

FAM43B 1 20752757 Inside 0.7069 0.903 

FAM46A 6 82518382 Inside 0.7327 0.9501 

FAM5C 1 188714347 Promoter 1.1799 1.1724 

FAM63B 15 56850025 Promoter 1.4249 1.9441 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

FAM76B 11 95160902 Inside  3.3524 

FAM83D 20 36989268 Inside 2.068 1.3931 

FAS 10 90738240 Promoter 1.4337 0.8922 

FBXL5 4 15265780 Inside 0.8179 0.8869 

FGF9 13 21143410 Promoter 0.6079 1.0686 

FLJ38984 1 35956513 Inside 1.2656 1.0383 

FNTA 8 43030356 Promoter 0.9929 0.9401 

FOXJ2 12 8073435 Promoter 1.6774 2.2678 

FZD7 2 202605768 Promoter 1.1294 1.2073 

GABPB2 15 48434824 Promoter 0.8781 1.1448 

GALNT7 4 174327101 Inside 1.2428 1.0712 

GBE1 3 81892929 Inside 0.9443 0.7074 

GBP5 1 89509960 Inside 0.8174 0.9367 

GCLM 1 94146101 Inside 1.7484 1.9013 

GFAP 17 40348396 Promoter 1.471 1.6689 

GGNBP2 17 31972190 Promoter  2.1301 

GIN1 5 102483328 Inside 1.096 1.3189 

GLI3 7 42232735 Inside 2.2832  

GLIPR1 12 74158401 Promoter  1.1139 

GLIPR2 9 36122089 Promoter 1.08 1.0909 

GNAI3 1 109892505 Promoter 0.9276 1.1387 

GORAB 1 168768031 Inside 0.9291 0.6116 

GPCPD1 20 5541103 Promoter 1.4644 1.9307 

GSX2 4 54660676 Promoter 2.0596 2.6342 

GUK1 1 226394685 Inside 0.9175 0.8924 

HBP1 7 106596263 Promoter 1.3612 1.1513 

HDGF 1 154987886 Inside 0.9429 0.9364 

HELZ 17 62669404 Inside 0.9055 0.6826 

HEXIM1 17 40581111 Inside 1.853 1.046 

HEY1 8 80843258 Promoter 0.9866 0.9256 

HIST1H2BJ 6 27207844 Downstream 2.6994 3.298 

HMG20A 15 75499939 Promoter 0.7708 1.1065 

HNRPDL 4 83569798 Inside 0.5667 0.9533 

HSF2BP 21 43901045 Inside 1.512 1.3931 

ICMT-HES3 1 6224841 
Divergent 
promoter  1.006 1.0496 

ID3 1 23757574 Inside 1.883  

IER5L 9 130979866 Inside 0.8672 0.7791 

IFIT1 10 91140690 Promoter 1.8876 3.3931 

IFRD2 3 50304903 Promoter 0.9265  

IFT88 13 20039819 Inside 6.0329 4.6661 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

IL1RAPL2 X 103790321 Inside  2.8081 

INA 10 105023095 Promoter 0.847 0.8954 

ING2 4 184663304 Inside 1.0897 1.0266 

INTS12-
GSTCD 4 106849357 

Divergent 
promoter  1.1416  

IRF2BP2 1 232814979 Promoter 1.7022 1.6503 

IRS2 13 109242223 Promoter 0.7599 1.1618 

ITGBL1 13 100900982 Promoter 0.9854 0.6561 

JAG1 20 10600976 Inside 1.465 1.4926 

KANK1 9 494998 Inside 1.0107 0.9323 

KCNH2 7 150286133 Promoter 1.0967 1.0681 

KCNK10 14 87863177 Promoter 2.2983 1.3151 

KCTD13 16 29843124 Inside  3.5086 

KDM3A 2 86521682 Promoter 2.1711  

KIF18A 11 28085526 Inside 1.8057 2.6826 

KLF9 9 72217435 Inside 0.9515 0.7306 

KLRF1 12 9873240 Inside 2.6344  

KRT10 17 36236502 Promoter 1.0267 0.9381 

KRT13 17 36914588 Inside 0.9703 1.1909 

KRT37 17 36838500 Promoter 0.9259 1.04876 

KRTAP19-5 21 30797152 Promoter  1.7821 

KRTAP23-1 21 30643668 Promoter 1.2097 5.5985 

KRTAP4-2 17 36591407 Promoter 1.3448  

KTN1 14 55115205 Promoter 0.7037 0.9873 

L3MBTL4 18 6299434 Inside 1.9317 2.5895 

LARP6 15 68931809 Inside 0.9787 0.9348 

LEMD3 12 63849245 Promoter 1.1687 1.2232 

LHX1 17 32363515 Promoter 1.2987 1.4615 

LIN7B 19 54305925 Promoter 1.3844 1.0712 

LINC00173 12 115456450 Inside  3.715 

LIX1L 1 144189562 Inside 3.1479 1.7586 

LMBR1 7 156378711 Promoter 1.1167 0.8903 

LNX2 13 27091478 Inside 0.863 1.0914 

LOXL2 8 23321325 Promoter 1.6795 1.5987 

LPGAT1 1 210070651 Inside 0.9113 0.6642 

LRIG3 12 57601195 Promoter 3.0818 0.6312 

LRP11 6 150226326 Inside 0.844 0.9151 

LUC7L3 17 46153029 Inside 0.7599 2.0008 

LYST 1 234113659 Promoter 1.0678 1.0687 

MAB21L1 13 34949195 Promoter 2.0246 1.4995 

MAGEB3 X 30165456 Inside Infinity 1.2676 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

MARCKS 6 114287069 Inside 0.8813 1.4392 

MBNL1 3 153499615 Promoter 1.281 0.8607 

MCU 10 74123406 Inside 1.7932 1.8959 

MED20 6 41996698 Inside 2.6175 0.8524 

MEF2C 5 88213383 Inside 1.1965 1.7183 

MEIS2 15 35179607 Promoter  1.4909 

METAP2 12 94393160 Inside 0.9339 1.5737 

METTL23 17 72234989 Inside 1.3492 1.2214 

METTL7A 12 49604807 Inside 3.6344 4.9723 

MGP 12 14930159 Promoter 1.2727 1.3211 

MGST1 12 16393324 Promoter 1.3499 1.657 

MIR125B2 21 16880927 Promoter 1.0955 2.452 

MIR149 2 241040806 Promoter 0.8737 0.8394 

MIR181A1 1 197094961 Promoter 0.8738 1.2512 

MIR205 1 207673444 Downstream 1.1632 0.8121 

MIR216A 2 56073153 Promoter 1.0836 0.9672 

MIR548B 6 119441594 Promoter 1.1045 1.6763 

MIR99A 21 16828801 Promoter 1.0363 1.1253 

MIRLET7I 12 61287764 Downstream  1.13 

MPPED2 11 30558664 Promoter 2.5534 1.408 

MPZL3 11 117628311 Promoter 1.0034 1.0256 

MRPL1 4 78999542 Promoter 1.094 0.9655 

MTFMT 15 63113497 Promoter  2.0176 

MTPN 7 135312739 Promoter 0.7316 1.1827 

MUTYH 1 45578374 Promoter 0.7639 1.1403 

NAA50 3 114947510 Inside 1.187 0.9951 

NARG2 15 58556607 Inside 1.7599  

NCAM2 21 21287395 Promoter 2.5672 1.6706 

NCAPH 2 96360052 Promoter 0.9675 0.9379 

NDUFA4 7 10946379 Promoter 1.1701 1.2548 

NEDD4 15 53997292 Promoter 1.1285 1.9057 

NEFL 8 24875334 Promoter 1.1197 1.0298 

NEK6 9 126061540 Inside 1.0058 2.3111 

NFIA 1 61318395 Promoter 1.7578 1.5734 

NHS X 17662326 Inside  3.666 

NPR3 5 32821654 Inside 0.8681 0.7434 

NR2F1 5 92944603 Promoter 1.724 1.6766 

NRXN3 14 78185282 Inside  3.8956 

NSUN4 1 46578948 Promoter 0.3593 2.1549 

NUP153 6 17815540 Promoter 1.3413 1.339 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

NUSAP1 15 39412952 Inside 0.7062 0.9863 

OR4K5 14 19457562 Promoter 1.1584 0.5645 

OR5B2 11 57949404 Promoter  2.2411 

OR8K1 11 55867174 Promoter 4.2624 0.7744 

OSGIN2 8 90983730 Inside 0.9755 0.8275 

OSMR 5 38881767 Promoter 2.2867 3.6053 

OSTM1 6 108502607 Inside 0.8983 0.7542 

OTOF 2 26639471 Promoter 1.4405 1.4627 

PAICS 4 56996755 Promoter 1.4424 1.3502 

PAK3 X 110253345 Inside  2.5086 

PAN2-IL23A 12 55014286 
Divergent 
Promoter 1.1135 2.978 

PAPSS2 10 89407139 Promoter 1.3973  

PARPBP 12 101114267 Inside 0.8564 0.7389 

PCDH11Y Y 4982161 Promoter 1.4969 3.5086 

PCDH20 13 60887639 Promoter 2.0018 2.5372 

PCDHGC3 5 140835207 Promoter 0.5412 1.0438 

PCYOX1L 5 148717764 Promoter 0.806 0.8943 

PDCD5 19 37764645 Inside 1.5551 0.984 

PDE1C 7 32075349 Inside 0.9477 1.213 

PHEX X 21961908 Inside 1.3092 0.8861 

PHIP 6 79844705 Promoter 0.8298 0.9198 

PHKB 16 46056443 Inside Infinity 3.7467 

PHKG2 16 30662879 Promoter 1.9475 0.5451 

PIGW 17 31968591 Inside 2.4229 1.6237 

PLA2G6 22 36907952 Promoter 0.8237 1.0237 

PLAG1-
CHCHD7 8 57286601 

Divergent 
promoter  1.0339 1.0007 

PLEKHA1 10 124125339 Inside  3.2676 

PLEKHF2 8 96215015 Promoter 0.8497 0.8805 

PLEKHG7 12 91650086 Promoter 1.4745 2.1036 

PLSCR4 3 147451761 Promoter 1.4499 1.3556 

PLXND1 3 130807793 Inside 1.2362 1.2639 

PMCH 12 101114699 Inside 1.8754 1.9236 

POLR2M 15 55786150 Promoter 1.376 1.4702 

POP7 7 100142485 Inside 1.163 1.2064 

PPIB 15 62247347 Promoter 0.7599 1.2588 

PPM1D 17 56033871 Inside 0.9405 0.957 

PPRC1 10 103882474 Promoter 1.5316 1.893 

PREP 6 105957405 Inside 0.8652 0.9023 

PRKCZ 1 1971786 Inside 1.0996 1.2305 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

PRR11 17 54598116 Inside 1.1638 1.1606 

PSMD5 9 122645227 Promoter  1.752 

PTCH1 9 97309577 Promoter 4.667 2.5832 

PTHLH 12 28012193 Inside 1.916 4.3931 

PVRL3 3 112273071 Promoter 1.1668 0.8705 

QKI 6 163755950 Inside 0.8161 0.9088 

QSOX1 1 178387365 Promoter 1.3136 1.2724 

RAB13 1 152225381 Inside 0.8856 0.5711 

RAB27A 15 53369884 Promoter 1.8754 1.7257 

RAB32 6 146906540 Inside 0.9266 0.9193 

RAB3GAP2 1 218512608 Promoter 1.6686 2.1385 

RAB4A 1 227472130 Promoter 1.5611 1.1593 

RARB 3 25444505 Promoter 1.5131 1.1602 

RASL10B 17 31077950 Promoter 1.4961 1.5103 

RBM8A 1 144219300 Inside 0.8511 0.6152 

RCBTB1 13 49058882 Promoter 2.005 1.715 

RGS12 4 3341510 Inside 1.1184 0.9916 

RNF219 13 78131510 Promoter 2.0182 1.1107 

RNF43 17 53850241 Promoter 1.3202 1.1636 

RPA3 7 7725436 Promoter 0.9336 1.1595 

RPL35-
ARPC5L 9 126671430 Inside 0.8536 0.7386 

RPL7-
RDH10 8 74368863 

Divergent 
promoter  2.142  

RPS14 5 149809356 Inside 0.9447 0.7391 

RPS26P25 12 54722045 Promoter 2.0229 1.2747 

RPS6KA5 14 90594136 Inside 0.8299 1.1171 

RUNX1 21 35187762 Promoter  1.8081 

RXRA 9 136466823 Inside 1.4666 1.1116 

S100A10 1 150234089 Promoter 1.7226 1.3661 

S100A2 1 151805208 Promoter 0.7175 0.8918 

SAAL1 11 18084458 Promoter 0.9111 0.8292 

SALL1 16 49742667 Promoter 0.8851 0.9548 

SAP30BP 17 71176036 Inside 0.7296 0.9472 

SATB2 2 200028516 Inside 1.4823 1.1501 

SEC22B 1 143804069 Promoter 1.8402 1.6841 

SEC63 6 108386153 Promoter 1.2092 0.8009 

SEMA3C 7 80384831 Inside 2.0581 2.2209 

SENP2 3 186784484 Promoter 0.8401 0.8536 

SERPINA12 14 94054227 Promoter 0.9043 1.0203 

SERPINE1 7 100556642 Promoter 1.281 1.0997 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

SERPINE2 2 224615283 Promoter 1.7994 1.8375 

SFR1 10 105867828 Promoter 1.5961 1.5375 

SGPP2 2 222997476 Promoter 0.832 0.8975 

SH3GLB1 1 86942572 Promoter 1.0742 0.7759 

SLC1A3 5 36641944 Promoter 1.9592 1.9216 

SLC25A24 1 108544889 Promoter 1.2235 1.0073 

SLC25A38 3 39400641 Inside 0.9268 0.6487 

SLC2A8 9 129199290 Inside 0.8095 0.9206 

SLC34A2 4 25266397 Promoter 0.6397 0.9394 

SLC35A1 6 88234292 Promoter 0.9993 0.9899 

SLC39A1 1 152202903 Inside 1.2398 1.2455 

SLC4A2 7 150388856 Inside 1.2223 1.12 

SNAP91 6 84475571 Promoter 0.6865 0.8948 

SNORD61 X 135789798 Promoter 0.9994 0.923 

SNX18 5 53847891 Promoter 1.4868 1.8669 

SOS2 14 49766863 Inside 1.2745 1.2881 

SOX21 13 94164394 Promoter 1.4906 1.6101 

SPATA31E1 9 89683959 Promoter 3.3902 1.7178 

SPATA7 14 87918342 Promoter 0.9405 1.5419 

SREBF2 22 40558801 Promoter 1.0166 1.0877 

SRRT 7 100310524 Promoter 1.2548 1.0389 

ST5 11 8884780 Inside  2.8081 

STAMBP 2 73911856 Inside 1.2324 1.2124 

STC1 8 23767712 Inside 1.7308 1.8818 

SWAP70 11 9643126 Inside 1.2258 1.3621 

SYTL2 11 85114675 Promoter 2.3124 0.5451 

TANK 2 161700020 Promoter 1.8117 1.5764 

TBC1D4 13 74958764 Promoter 2.1749 1.1077 

TBC1D9 4 141897691 Promoter 1.3521 1.2753 

TCF12 15 55295998 Promoter Infinity 2.0305 

TEKT2 1 36322390 Inside 1.2207 0.8003 

TGFB1 5 135392598 Inside 0.9168 0.7522 

TGFB2 1 216585830 Promoter 0.8472 0.8786 

TIA1 2 70328493 Inside 1.2478 1.2808 

TIPARP 3 157875103 Inside 0.9606 0.9971 

TLE3 15 68180782 Promoter 1.4118 1.5755 

TLN2 15 60727365 Inside  3.5086 

TMEM106B 7 12218056 Inside 1.4318 1.2735 

TMEM117 12 42517112 Inside 2.4969 0.8081 

TMEM165 4 55957822 Inside 0.8309 1.5276 
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TMEM18 2 667475 Promoter 0.8736 1.0234 

TMEM5 12 62458480 Promoter 1.0193 1.5086 

TMEM68 8 56848373 Inside 1.4128 1.0885 

TNC 9 116920425 Promoter 1.0671 1.1067 

TNK2 3 197108216 Promoter 1.424 1.4345 

TNRC6B 22 38769059 Promoter Infinity 1.8849 

TOP2B 3 25681044 Promoter 1.091 1.1184 

TPM1 15 61130006 Inside 1.3379 1.0357 

TRAPPC6B 14 38706756 Inside 3.8188  

TRIM24 7 137796161 Inside 0.9419 0.8926 

TRIM27 6 28999877 Promoter 0.4587 1.0425 

TRIM39 6 30401356 Promoter 0.9795 0.7046 

TRIM68 11 4588395 Promoter 0.8437 1.978 

TRIM7 5 180566074 Promoter 1.2226 1.5655 

TRMT13 1 100371465 Inside 1.2459 0.872 

TRMT5 14 60514612 Inside 2.1618  

TSC22D1 13 43908581 Inside 1.3124 1.8273 

TSHZ1 18 71054967 Inside 1.1078 1.7696 

TSPAN1 1 46421794 Inside 1.6963 0.4872 

UBP1 3 33456791 Promoter  0.9941 

UBQLNL 11 5494712 Promoter 3.8188  

UBTF 17 39656567 Promoter 2.232 2.261 

UGT1A6 2 234263596 Promoter 1.0837 0.68 

UPP1 7 48091159 Promoter 1.8999 1.868 

UTRN 6 144650122 Promoter 1.6635 1.4185 

UTS2D 3 192483245 Promoter 0.7589 1.1478 

VWCE 11 60821797 Promoter 1.0582 1.1159 

WAC 10 28862027 Promoter 0.9559 0.9373 

WBSCR17 7 70232063 Promoter 1.4624 1.4046 

WHSC1 4 1842782 Promoter 1.0058 0.7851 

WNT2B 1 112810639 Promoter 1.2258 0.6594 

WNT5A 3 55500570 Promoter 0.9735 0.7655 

WNT9A 1 226202113 Inside 1.1542 1.2018 

ZBTB8OS-
RBBP4 1 32889059 

Divergent 
promoter  1.1693 0.9177 

ZFAND3 6 37894564 Promoter 1.2631 1.2166 

ZIM2 19 62044765 Promoter  1.37 

ZKSCAN8 6 28212586 Promoter 1.8771 1.3735 

ZMYND11 10 171940 Inside 0.8085 0.8826 

ZMYND8 20 45422915 Promoter 0.9489 1.1383 

ZNF24 18 31179965 Promoter 1.3257 0.7557 
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Gene Chr Start1 Location2 Log Ratio 13 Log Ratio 24 

ZNF426 19 9510687 Promoter 0.7344 0.9575 

ZNF615 19 57201227 Inside 1.3593 0.8723 

ZNF703 8 37668165 Promoter 1.2573 1.3695 

ZNF706 8 102287188 Promoter 0.8385 0.8897 

ZNF76 6 35335395 Promoter 2.258 2.4167 
 

 
DNA crosslinked to NFI was isolated and hybridized to Human Promoter 1 microarray (Agilent) in 
duplicate. Arrays were analyzed using ChIP analytics software (Agilent). Genes with a log (2) ratio 
>0.85 (enrichment of >1.8 fold) (p<0.01) are listed.  
1chromosomal location of bound probe on NCBI36/hg18 assembly 
2location of bound probe relative to gene 
3,4replicate 13 and replicate 24 
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terms, clearly highlights enrichment in development, specifically nervous system 

development (Table 3-3) (Mi et al., 2013). HEY1, a Notch effector gene, was 

identified as a putative NFI target gene. HEY1 is important for maintenance of neural 

precursor cells and is highly expressed in MG compared to normal brain. Here, we 

examine NFI regulation of HEY1 expression in MG. 

 

 3.3.2 NFI binds to NFI binding sequences in the HEY1 promoter 

  ChIP analysis identified enriched binding of NFI to a ChIP probe 

corresponding to the region from -705 to -645 bp upstream of the HEY1 transcription 

start site. NFI binding to the HEY1 promoter has been validated with ChIP (data not 

shown). Sequence analysis of the HEY1 promoter from -1100 bp upstream to the 

transcription start site revealed four putative NFI binding sites, located at -32 to -17 

bp, -332 to -317 bp, -411 to -396 bp and 794 to -779 bp. Previously, the region 

spanning -30 to -247 bp upstream of the mouse Hey1 transcription start site was 

reported to be essential for basal Hey1 transcription, with additional regulatory 

sequences between -247 to -647 bp in mouse (-680 bp in human) (Maier and 

Gessler, 2000). 

 We used electrophoretic mobility shift assays (EMSAs) to examine if NFIs are 

able to bind to these putative NFI binding sites. Double-stranded oligonucleotides 

(Figure 3-1) corresponding to each putative binding site were radiolabeled and 

incubated with nuclear extracts prepared from U251 MG cells. To address specificity 

of binding, a 100X fold molar excess of unlabeled oligonucleotides was used as a  
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Table 3-2: Gene ontology enrichment analysis of putative NFI target genes 
identified by ChIP-on-chip. Continued next page. 
                                              
Gene Ontology Term 

Sample 
Frequency1 

Expected 
Frequency2 

Fold 
Enrichment3 

 
P value 

positive regulation of 
biological process  

158  85.68 1.84 8.12E-13 

biological process  344  280.17 1.23 1.41E-12 

positive regulation of cellular 
process  

135  72.87 1.85 4.37E-10 

cellular process  304  237.63 1.28 1.03E-09 

system development  124  65.15 1.9 1.24E-09 

biological regulation  257  186.86 1.38 2.05E-09 

regulation of metabolic 
process  

177  110.62 1.6 3.68E-09 

single-organism process 282  215.41 1.31 7.59E-09 

multicellular organismal 
development 

134  75.13 1.78 1.03E-08 

organ development  97  46.67 2.08 1.17E-08 

single-organism cellular 
process  

260  192.89 1.35 1.70E-08 

anatomical structure 
morphogenesis  

83  37.07 2.24 1.85E-08 

anatomical structure 
development 

135  76.67 1.76 2.07E-08 

regulation of cellular process  239  171.65 1.39 2.17E-08 

positive regulation of 
metabolic process  

107  55.42 1.93 5.26E-08 

organ morphogenesis  47  15.18 3.1 8.76E-08 

regulation of primary 
metabolic process  

150  91.29 1.64 1.36E-07 

regulation of biological 
process  

243  178.39 1.36 1.47E-07 

single-organism 
developmental process  

143  85.48 1.67 1.54E-07 

regulation of gene expression  124  69.87 1.77 1.63E-07 

cell differentiation  104  54.67 1.9 2.83E-07 

regulation of cellular 
metabolic process  

155  96.53 1.61 3.01E-07 

regulation of macromolecule 
metabolic process  

149  91.71 1.62 4.02E-07 

multicellular organismal 
process  

166  106.73 1.56 4.63E-07 

single-multicellular organism 
process  

161  102.37 1.57 4.87E-07 

developmental process  143  86.83 1.65 4.93E-07 

negative regulation of 
biological process  

126  72.67 1.73 4.97E-07 

negative regulation of cellular 
process  

118  66.8 1.77 8.78E-07 

http://amigo.geneontology.org/amigo/term/GO:0048518
http://amigo.geneontology.org/amigo/term/GO:0048518
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048518&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0008150
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0008150&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048522
http://amigo.geneontology.org/amigo/term/GO:0048522
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048522&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009987
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009987&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048731
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048731&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0065007
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0065007&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0019222
http://amigo.geneontology.org/amigo/term/GO:0019222
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0019222&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0044699
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0044699&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0007275
http://amigo.geneontology.org/amigo/term/GO:0007275
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0007275&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048513
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048513&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0044763
http://amigo.geneontology.org/amigo/term/GO:0044763
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0044763&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009653
http://amigo.geneontology.org/amigo/term/GO:0009653
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009653&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048856
http://amigo.geneontology.org/amigo/term/GO:0048856
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048856&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0050794
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0050794&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009893
http://amigo.geneontology.org/amigo/term/GO:0009893
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009893&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009887
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009887&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0080090
http://amigo.geneontology.org/amigo/term/GO:0080090
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0080090&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0050789
http://amigo.geneontology.org/amigo/term/GO:0050789
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0050789&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0044767
http://amigo.geneontology.org/amigo/term/GO:0044767
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0044767&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0010468
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0010468&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0030154
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0030154&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0031323
http://amigo.geneontology.org/amigo/term/GO:0031323
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0031323&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0060255
http://amigo.geneontology.org/amigo/term/GO:0060255
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0060255&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0032501
http://amigo.geneontology.org/amigo/term/GO:0032501
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0032501&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0044707
http://amigo.geneontology.org/amigo/term/GO:0044707
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0044707&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0032502
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0032502&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048519
http://amigo.geneontology.org/amigo/term/GO:0048519
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048519&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048523
http://amigo.geneontology.org/amigo/term/GO:0048523
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048523&list=upload_1&organism=Homo%20sapiens
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Gene Ontology Term 

Sample 
Frequency1 

Expected 
Frequency2 

Fold 
Enrichment3 

 
P value 

circulatory system 
development 

41  13.21 3.1 1.88E-06 

cardiovascular system 
development 

41  13.21 3.1 1.88E-06 

cellular developmental 
process  

104  57.09 1.82 3.40E-06 

cellular response to chemical 
stimulus  

78  37.85 2.06 4.93E-06 

negative regulation of 
metabolic process  

81  40.03 2.02 4.95E-06 

positive regulation of gene 
expression  

60  25.76 2.33 8.36E-06 

regulation of biosynthetic 
process  

118  69.29 1.7 8.49E-06 

cellular response to organic 
substance  

67  30.55 2.19 8.86E-06 

positive regulation of 
macromolecule metabolic 
process  

83  42.25 1.96 1.15E-05 

negative regulation of gene 
expression  

54  22.06 2.45 1.19E-05 

negative regulation of 
macromolecule metabolic 
process  

72  34.32 2.1 1.23E-05 

cellular component 
organization  

134  83.36 1.61 1.54E-05 

regulation of nucleobase-
containing compound 
metabolic process  

113  66.23 1.71 2.05E-05 

regulation of response to 
stimulus  

104  59.05 1.76 2.18E-05 

regulation of nitrogen 
compound metabolic process  

115  67.97 1.69 2.26E-05 

regulation of macromolecule 
biosynthetic process  

112  65.53 1.71 2.27E-05 

regulation of transcription 
from RNA polymerase II 
promoter 

62  28.34 2.19 4.52E-05 

response to organic 
substance  

79  40.8 1.94 6.05E-05 

response to stimulus  180  126.37 1.42 6.44E-05 

regulation of cellular 
macromolecule biosynthetic 
process  

108  63.49 1.7 6.49E-05 

regulation of cellular 
biosynthetic process  

114  68.4 1.67 6.54E-05 

cellular component 
organization or biogenesis  

134  85.4 1.57 7.41E-05 

cellular macromolecule 
metabolic process  

162  110.09 1.47 7.44E-05 

positive regulation of 
biosynthetic process  

60  27.41 2.19 8.18E-05 

http://amigo.geneontology.org/amigo/term/GO:0072359
http://amigo.geneontology.org/amigo/term/GO:0072359
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0072359&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0072358
http://amigo.geneontology.org/amigo/term/GO:0072358
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0072358&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048869
http://amigo.geneontology.org/amigo/term/GO:0048869
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048869&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0070887
http://amigo.geneontology.org/amigo/term/GO:0070887
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0070887&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009892
http://amigo.geneontology.org/amigo/term/GO:0009892
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009892&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0010628
http://amigo.geneontology.org/amigo/term/GO:0010628
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0010628&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0009889
http://amigo.geneontology.org/amigo/term/GO:0009889
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0009889&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0071310
http://amigo.geneontology.org/amigo/term/GO:0071310
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0071310&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0010604
http://amigo.geneontology.org/amigo/term/GO:0010604
http://amigo.geneontology.org/amigo/term/GO:0010604
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0010604&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0010629
http://amigo.geneontology.org/amigo/term/GO:0010629
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0010629&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0010605
http://amigo.geneontology.org/amigo/term/GO:0010605
http://amigo.geneontology.org/amigo/term/GO:0010605
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0010605&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0016043
http://amigo.geneontology.org/amigo/term/GO:0016043
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0016043&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0019219
http://amigo.geneontology.org/amigo/term/GO:0019219
http://amigo.geneontology.org/amigo/term/GO:0019219
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0019219&list=upload_1&organism=Homo%20sapiens
http://amigo.geneontology.org/amigo/term/GO:0048583
http://amigo.geneontology.org/amigo/term/GO:0048583
http://pantherdb.org/tools/gxIdsList.do?acc=GO:0048583&list=upload_1&organism=Homo%20sapiens
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Gene Ontology Term 

Sample 
Frequency1 

Expected 
Frequency2 

Fold 
Enrichment3 

 
P value 

regulation of RNA metabolic 
process  

104  60.58 1.72 8.59E-05 

positive regulation of 
macromolecule biosynthetic 
process  

56  24.92 2.25 1.12E-04 

generation of neurons  53  23 2.3 1.29E-04 

neurogenesis  55  24.35 2.26 1.29E-04 

positive regulation of nitrogen 
compound metabolic process  

59  27.1 2.18 1.33E-04 

macromolecule metabolic 
process  

174  122.03 1.43 1.41E-04 

heart development  27  7.53 3.59 1.43E-04 

positive regulation of cellular 
metabolic process  

83  44.65 1.86 1.43E-04 

negative regulation of cellular 
metabolic process  

71  35.73 1.99 1.50E-04 

positive regulation of 
nucleobase-containing 
compound metabolic process  

58  26.58 2.18 1.65E-04 

regulation of multicellular 
organismal process  

75  38.92 1.93 1.94E-04 

tissue development  59  27.4 2.15 1.95E-04 

skeletal system development  28  8.21 3.41 2.20E-04 

regulation of cell 
communication  

90  50.73 1.77 2.70E-04 

cellular response to 
endogenous stimulus  

42  16.4 2.56 2.75E-04 

regulation of developmental 
process  

68  34.42 1.98 3.98E-04 

cellular response to stimulus  150  102.55 1.46 6.44E-04 

response to endogenous 
stimulus  

51  23 2.22 8.13E-04 

neuron differentiation  42  17.08 2.46 8.22E-04 

regulation of nucleic acid-
templated transcription  

98  58.49 1.68 8.84E-04 

regulation of signaling  88  50.52 1.74 9.19E-04 

cellular response to lipid  22  5.73 3.84 9.83E-04 

 
Gene ontology enrichment analysis of putative NFI target genes identified by ChIP-on-chip. Genes 
listed in Table 1 were analyzed using PANTHER overrepresentation test using GO biological process 
complete annotation data set (27 378 terms). Enriched biological process terms with a p value < 
1.0E-4 are included. 
1 number of genes from NFI chIP-on-chip gene list (403 genes, Table 3-1) annotated to Gene 
Ontology term  
2number of genes in pathway expected in a random sample of non-enriched genes with same 
sample size as 1 

3ratio between NFI ChIP-on-chip and expected frequency 
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Table 3-3: PANTHER enrichment analysis of putative NFI target genes 
identified by ChIP-on-chip. 

                                                                                     
Gene Ontology Term 

Sample 
Frequency1 

Expected 
Frequency2 

Fold 
Enrichment3 

                
P value 

developmental process 85 49.6 1.71 9.02E-05 

cellular process 144 103.73 1.39 9.56E-04 

regulation of biological process 65 37.91 1.71 2.75E-03 

system development 51 28.67 1.78 1.07E-02 

biological regulation 84 56.68 1.48 2.55E-02 

nervous system development 34 17.57 1.94 4.70E-02 
 

1number of genes from NFI ChIP-on-chip gene list (403 genes, Table 3-1) annotated to Gene 
Ontology term  
2number of genes in pathway expected in a random sample of non-enriched genes with same 
sample size as 1 

3ratio between NFI ChIP-on-chip and expected frequency 
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competitor. Competitor oligonucleotides included the -32 bp, -332 bp, -411 bp and -

794 bp NFI binding sites, as well as the mutated -32* bp, -332* bp, -411* bp, -794* 

bp binding sites, and the NFI consensus binding site (Figure 3-1). 

Two intense and one weak DNA-protein complexes were observed when the 

-32 bp probe was incubated with nuclear extracts from U251 MG cells, and one 

major DNA-protein complex was observed upon incubation of these nuclear extracts 

with the -332 bp, -411 bp, and -794 bp probes (Figure 3-2). Incubation with excess 

mutated -32* bp oligonucleotide with two key NFI binding residues mutated, resulted 

in complete loss of shifted bands, indicating that the DNA-protein complexes 

observed with the -32 bp probe does not involve NFI binding. These data are further 

supported by the inability of excess oligonucleotide to the NFI consensus binding 

site to compete with the -32 bp probe. 

In contrast to the -32 bp probe, addition of the appropriate wild-type 

competitor oligonucleotides fully abolished binding to the -332 bp, -411 bp and -794 

bp probes, while addition of excess NFI consensus oligonucleotide significantly 

reducing signal intensity of DNA-protein complexes (Figure 3-2). Addition of excess 

-332* bp oligonucleotode did not significantly alter binding to the radiolabeled -332 

bp probe, whereas addition of excess -411* bp and -794* bp oligonucleotides 

resulted in significant and slight reductions in binding, respectively.  

To determine if the observed DNA-protein complexes contain NFI, we 

incubated the radiolabeled probes with nuclear extracts from U251 MG cells and an 

anti-NFI antibody that has previously been shown to supershift NFI-DNA complexes 

(Chapter 2) (Bisgrove et al., 2000). Addition of the anti-NFI antibody resulted in a 
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Figure 3-1: NFI binding sequences upstream of the HEY1 transcription start 

site 
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Figure 3-1: NFI binding sequences upstream of the HEY1 transcription start 
site. (A) Consensus NFI binding site, and putative NFI binding sequences identified 
upstream of the HEY1 transcription start site (+1). (B) Primers used to generate 
oligonucleotides for the electrophoretic mobility shift assays, with putative NFI 
binding sequences in bold. The third and fourth residues in the NFI binding 
sequences were mutated from GG→AA (* denotes mutated NFI binding site). These 
residues are critical for NFI binding.  
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Figure 3-2: Binding of NFI to putative NFI binding sequences in the HEY1 promoter 
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Figure 3-2: Binding of NFI to putative NFI binding sequences in the HEY1 
promoter. Electrophoretic mobility shift assays were carried out by incubating 
radiolabeled probes -32 bp, -332 bp, -411 bp, and -794 bp, with 2 µg U251 MG 
nuclear extracts. DNA-protein complexes were electrophoresed through a 6% 
polyacrylamide gel buffered in 0.5 X TBE. Where indicated, a 100X molar excess 
of competitors (* denotes mutated NFI binding site) were added to the binding 
reaction. Where indicated, antibodies (1 µL) to NFI (α-NFI), Pax6 (α-Pax6), and 
AP2 (α-AP2) were added immediately before the radiolabeled probes. 
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supershifted band for the -332 bp, -411 bp and -794 bp probes, but not the -32 bp 

probe. Addition of anti-Pax6 or anti-AP2 antibodies did not produce supershifted 

bands for any of the probes, or decreased intensity of DNA-protein complexes. 

The relatively weak intensity of the supershifted bands observed with the anti-NFI 

antibody, combined with the significant decrease in intensity of the DNA-protein 

complexes, suggests that the anti-NFI antibody impedes binding of NFI to these 

probes.  

 To identify which NFIs are able to bind to NFI recognition motifs upstream 

of the HEY1 transcription start site, we examined binding of NFIA, NFIB, NFIC, 

and NFIX to the -32 bp, -332 bp, -411 bp and -794 bp oligonucleotides. U251 MG 

cells were transfected with pCH (empty vector), HA-NFIA, HA-NFIB, HA-NFIC, or 

HA-NFIX expression constructs. Nuclear extracts were prepared, and expression 

of NFIs analyzed by western blot. HA-NFIs are highly overexpressed (>5-fold 

higher than endogenous levels, data not shown), with expression of NFIC was the 

highest, followed by NFIX, NFIA, and NFIB (Figure 3-3A). To account for 

differences in exogenous NFI expression levels, we incubated 1 µg of NFIC 

nuclear extract, 2 µg NFIX nuclear extract, 3 µg NFIA nuclear extract, and 4 µg of 

NFIB nuclear extract with radiolabeled -32 bp, -332 bp, -411 bp, and -794 bp 

oligonucleotides. No DNA-protein complexes were observed with the -32 bp 

oligonucleotide with nuclear extracts from pCH or HA-NFI transfected cells. This is 

in contrast to Figure 3-2, and is due to the different methods used for preparing 

nuclear extracts from cells expressing endogenous versus ectopic NFI. The 

absence of DNA-complex formation upon NFI overexpression indicates that NFIs 
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are not binding to this region.  However, NFIA, NFIB, NFIC, and NFIX all formed 

complexes with the -332 bp, -411 bp, and -794 bp oligonucleotides (Figure 3-3B).  

One strong band and at least three weaker bands were observed when 

nuclear extracts prepared from HA-NFIA-transfected cells were incubated with 

either the -332 bp or -794 bp probe. Only weak bands were observed when these 

same extracts were incubated with the -411 bp probe. Nuclear extracts prepared 

from HA-NFIB-transfected cells generated two bands of varying intensities, with 

strong, moderate and weak signal intensities for the -332 bp, -794 bp and -411 bp 

probes, respectively. Interestingly, bands of similar intensities were observed 

when nuclear extracts prepared from HA-NFIX-transfected cells were incubated 

with the probes. Results with HA-NFIC nuclear extracts were similar to those 

described for HA-NFIA and HA-NFIB except that somewhat stronger relative 

signals were observed for the -794 bp and -411 bp probes. Taken together, these 

results indicate that all four NFIs can bind, albeit with different affinities, to the -332 

bp, -411 bp and -794 bp probes, with NFIA and NFIB showing preference for the -

332 bp probe, NFIX showing no preference for any of the three probes and NFIC 

showing preference for the -332 bp and -794 bp probes.  

 

3.3.3 Expression of HEY1 in MG cell lines 

HEY1 is expressed in the developing CNS and in MG tumours (Hulleman 

et al., 2009; Sakamoto et al., 2003). We used qPCR to examine levels of HEY1 

mRNA in a panel of 10 MG cell lines using U251 MG as our reference cell line   

(Figure 3-4). mRNA levels were lowest in A172, CLA, U87 and T98 MG cells, with  
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Figure 3-3: Binding of NFIA, NFIB, NFIC, and NFIX to NFI binding sites in the HEY1 promoter
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Figure 3-3: Binding of NFIA, NFIB, NFIC, and NFIX to NFI binding sites in the 
HEY1 promoter. Nuclear extracts were prepared from U251 MG cells transfected 
with control (pCH), NFIA (pCH-NFIA), NFIB (pCH-NFIB), NFIC (pCH-NFIC), or 
NFIX (pCH-NFIX) expression constructs. (A) Western blot analysis of transfected 
cells. Nuclear extracts (20 µg) were electrophoresed through an 8% 
polyacrylamide-SDS gel, electroblotted onto PVDF (polyvinylidene fluoride) 
membranes, and immunostained with α-HA antibody or α-DDX1 antibody. (B) 
Electrophoretic mobility shift assays were performed with the indicated 
radiolabeled probes: -32 bp, -332 bp, -411 bp and -794 bp. Probes were incubated 
with the indicated nuclear extracts (2 µg pCH, 3 µg NFIA, 4 µg NFIB, 1 µg NFIC, 
and 2 µg NFIX). Amounts of protein were adjusted to compensate for differences 
in expression of transfected HA-NFIs. DNA-protein complexes were 
electrophoresed through a 6% polyacrylamide gel buffered in 0.5X TBE. 
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highest levels observed in M016, M049 and M103 MG cells (6.2 to 8.4-fold higher 

than U251 MG cells). HEY1 mRNA levels in U373 MG cells were 3.4-fold higher 

than U251 cells.  

 3.3.4 NFI regulates endogenous HEY1 expression in MG cells 

To investigate a possible relationship between NFI and HEY1, we examined 

changes in HEY1 mRNA levels in U251 MG cells following transfection with control 

(scrambled) siRNA, or siRNAs targeting specific NFIs, alone or in combination. 

Where noted, cells were transfected a second time before analysis. The NFI 

siRNAs used in this analysis have been previously validated (Chapter 2), with 

NFIA, NFIB, NFIC, and NFIX mRNA levels decreased by 75-93% after one round 

of siRNA transfection (Figure 3-5A). As previously reported, we see compensation 

between NFIs (Chapter 2), with knockdown of NFIA resulting in a 1.7-fold increase 

in NFIX mRNA, and knockdown of NFIX increasing levels of NFIC mRNA by 1.4-

fold. After two rounds of combined NFIA and NFIB siRNA transfection, there was 

a 2.4 fold increase in NFIC mRNA and a 1.8 fold increase in NFIX mRNA. 

Endogenous levels of HEY1 mRNA were decreased slightly upon 

knockdown of single NFIs; however, upon knockdown of combinations of NFIs, a 

dramatic increase in HEY1 expression was observed, with knockdown of NFIC and 

NFIX increasing HEY1 expression 1.7-fold, and knockdown of all four NFIs 

resulting in 2.4-fold increase in HEY1 (Figure 3-5B). HEY1 expression increased 

to an even greater extent with a second round of transfection, with 2.8-fold, 4.1-

fold, and 4.6-fold increases upon knockdown of NFIA/NFIB, NFIC/NFIX, and all 

four NFIs, respectively. These data suggest that the NFI family in concert 
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Figure 3-4: Expression of HEY1 in MG cell lines. HEY1 expression in a panel 
of 10 MG cell lines was analyzed by qPCR. GAPDH was used as the endogenous 
control. All values shown are in relation to U251 (set to 1). Standard deviation is 
indicated by error bars. 
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represses HEY1 transcription. We were unable to examine whether HEY1 protein 

levels were increased concomitant with HEY1 mRNA levels as we were unable to 

find an antibody suitable for western blotting. 

 

3.3.5 NFI regulates HEY1 promoter activity 

We used the luciferase reporter gene under the control of the HEY1 

promoter to investigate the effect of NFI on transcriptional activity. U251 MG cells 

were transfected with siRNA to knockdown single and combined NFIs, followed by 

transfection with pGL3/HEY1, containing -915 to +15 bp of the HEY1 promoter 

upstream of the firefly luciferase reporter gene. Knockdown of NFIA did not affect 

HEY1 transcriptional activity based on the luciferase assay (Figure 3-5C). 

However, transcriptional activity was significantly increased following knockdown 

of NFIB (3.1-fold), NFIC (6.1-fold) and NFIX (1.6-fold), suggesting that these three 

NFIs repress transcription from the HEY1 promoter. Unexpectedly, when NFIA and 

NFIB were depleted in combination, transcriptional activity decreased 1.6-fold. 

Knockdown of combined NFIC and NFIX together resulted in a modest 1.5-fold 

increase in transcriptional activity, less than either NFIC or NFIX alone. 

Knockdown of all four NFIs increased transcriptional activity 5.6-fold compared to 

control (scrambled) siRNA. 

As mentioned previously, knockdown of combined NFIA and NFIB 

increases NFIC and NFIX mRNA levels. This observation may explain why HEY1 

transcriptional activity is decreased upon NFIA and NFIB depletion. Furthermore, 

the biggest increase in HEY1 transcriptional activity was observed upon NFIC 
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Figure 3-5: Regulation of HEY1 promoter activity by NFI 
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Figure 3-5: Regulation of HEY1 promoter activity by NFI. U251 MG cells were 
transfected with 10 nM siRNAs, including control (scrambled), NFIA, NFIB, NFIC, 
NFIX, or combinations of NFI siRNAs. Where indicated, cells underwent two 
rounds of siRNA transfection. (A) NFIA, NFIB, NFIC, NFIX and (B) HEY1 mRNA 
expression was analyzed by qPCR. GAPDH was used as an endogenous control. 
Similar data were obtained in two separate experiments. (C) U251 MG cells were 
transfected with 10 nM siRNAs, including control (scrambled), NFIA, NFIB, NFIC, 
NFIX, or combinations of NFI siRNAs, followed 24 h later by transfection with 
pGL3/HEY1. Cells were harvested 60 h later, and luciferase activity quantified. 
Changes in RLU (relative light units) are relative to RLU obtained in U251 MG cells 
transfected with control (scrambled) siRNA and pGL3/HEY1. The data are from 
three experiments. S.E.M. is indicated by error bars. Statistical significance, 
determined using the unpaired t test, is indicated by * p<0.05 and ** p<0.01.  
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knockdown, with a similar effect seen upon knockdown of all four NFIs, these 

results suggest that NFIC may be a key player in the repression of HEY1 promoter 

activity. Although the activity from the HEY1 promoter upon NFI knockdown does 

not appear to mirror the changes in endogenous HEY1 expression observed upon 

NFI knockdown (Figure 3-5B), there are some similarities. For example, both 

endogenous HEY1 expression and HEY1 promoter (luciferase) activity were 

increased upon knockdown of combined NFIC/NFIX and combined 

NFIA/NFIB/NFIC/NFIX.  

We further analyzed the role of NFI in regulating the activity of the HEY1 

promoter by mutating NFI binding sites in the HEY1 promoter (Figure 3-6A). When 

the HEY1 upstream region was cloned upstream of the luciferase gene 

(pGL3/HEY1), transcriptional activity increases 4.3-fold compared to pGL3-Basic 

(Figure 3-6B). Mutation of H-br3 (-794) (pGL3/HEY1 H-br3*) did not significantly 

alter transcriptional activity compared to the wild-type construct (pGL3/HEY1); 

however, mutation of H-br1 (-332) (pGL3/HEY1 H-br1*) decreased transcriptional 

activity 2.5-fold. Combined mutation of H-br1* and H-br3* (pGL3/HEY1 Hbr1*/3*) 

reduced transcriptional activity to background (pGL3-Basic), suggesting that these 

NFI binding sites, especially H-br1* are important for HEY1 transcriptional 

regulation. Mutation of H-br2 is currently underway.  

To investigate which NFIs target H-br1 and H-br3, we transfected the 

mutated pGL3/HEY1 constructs into U251 MG cells following NFI siRNA 

transfection. The changes in transcriptional activity of these mutated constructs 

upon knowdown of NFI was remarkably similar to that of the wild-type construct 
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Figure 3-6: Mutational analysis of NFI binding sites in the HEY1 promoter
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Figure 3-6: Mutational analysis of NFI binding sites in the HEY1 promoter. (A) 
Schematic representation of the region upstream of the HEY1 transcription start 
site (+1) (shown by arrow) with locations of NFI binding sites denoted. Constructs 
containing NFI binding sites with conserved GG residues mutated to AA to abolish 
NFI binding sites are shown. (B) Luciferase activity in RLU (relative light units) in 
U251 MG cells transfected with constructs shown in (A), or pGL3-Basic (no 
enhancer or promoter). (C) U251 MG cells were transfected with 10 nM control 
(scrambled), NFIA, NFIB, NFIC, NFIX, or combinations of NFI siRNAs, followed 
24 h later by transfection with the indicated pGL3 constructs. Cells were harvested 
60 h later, and luciferase activity quantified. Changes in RLU are relative to RLU 
obtained in U251 MG cells transfected with control (scrambled) siRNA and the 
indicated pGL3 constructs. The data are from three experiments. SEM is indicated 
by error bars. Statistical significance for (B) was determined by ANOVA analysis; 
* p<0.05 and ** p<0.01. Statistical significance for (C) was determined using the 
unpaired t test; * p<0.05 and ** p<0.01.  
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(compare Figures 3-5C and 3-6C). In fact, the changes in luciferase activity of the 

H-br1 mutant and H-br1/H-br3 double mutant constructs were as high if not higher 

than the wild-type constructs upon knockdown of combined NFIC and NFIX. Thus, 

binding of NFIC and NFIX to H-br1 may promote rather than repress HEY1 

expression, suggesting that the increase in HEY1 promoter activity observed upon 

knockdown of NFIC and NFIX may be mediated through H-br2 or require H-br2.   

 

3.3.6 HEY1 modulates expression of glial genes 

In the developing brain, HEY1 is required for the maintenance of neural 

precursor cells (Sakamoto et al., 2003). Furthermore, Notch signaling has 

previously been shown to activate expression of NFIA during gliogenesis 

(Namihira et al., 2009). Here, we investigate the effect of modulating HEY1 levels 

on the expression of genes associated with glial cell differentiation. We transfected 

U87, U251 and M049 MG cells with siRNAs targeting HEY1 and used qPCR to 

examine levels of HEY1, B-FABP, GFAP, NES (nestin), NFIA, NFIB, NFIC, NFIX 

mRNA. U87, U251, and M049 MG cell lines were used for these analyses as they 

express low, medium, and high levels of HEY1, respectively (Figure 3-4). HEY1 

expression was decreased by 88-94% in cells transfected with HEY1 siRNA 

compared to control (scrambled) siRNA (Figure 3-7).  

The levels of B-FABP and GFAP mRNA, which are barely detectable in U87 

cells, were relatively unchanged in these cells. Although B-FABP mRNA levels did 

not change in U251 MG cells, there was a 2.1 fold increase in M049 MG cells. 

GFAP mRNA levels increased 1.8- and 2.0-fold in U251 and M049 MG cells, 
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respectively. Slight changes in NES expression were observed in U87, U251 and 

M049 MG cells. Of the four NFIs, NFIB mRNA levels were the most consistently 

altered, decreasing between 2.5 to 3.3-fold in all three MG cell lines. NFIC mRNA 

levels were also reduced in U87 (decreased 2-fold) and M049 (decreased 2.9 fold) 

MG cells. There was considerable variation in NFIX mRNA levels.
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Figure 3-7: Knockdown of HEY1 alters mRNA expression of glial genes 
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Figure 3-7: Knockdown of HEY1 alters mRNA expression of glial genes. U87, 
U251, and M049 MG cells were transfected with 10 nM control (scrambled) siRNA, 
or two different siRNAs targeting HEY1, and harvested 60 h later. qPCR was used 
to analyze HEY1, B-FABP, GFAP, NES, NFIA, NFIB, NFIC and NFIX mRNA 
levels. GAPDH served as an endogenous control. RNA levels are expressed as 
fold-change compared to U87 control (scrambled). Error bars denote standard 
deviation of samples run in triplicate. Similar data were obtained in a duplicate 
experiment.  
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3.4. Discussion 

The NFI family is an important regulator of glial cell differentiation during 

development (Deneen et al., 2006), as well as a regulator of the glial genes B-

FABP and GFAP in MG cell lines (Chapter 2) (Bisgrove et al., 2000). B-FABP is 

normally expressed in radial glial cells and immature astrocytes in the developing 

brain (Feng et al., 1994; Kurtz et al., 1994), whereas GFAP is expressed in 

astrocytes (Eng, 1985). Radial glial cells act as neural stem cells during 

development, giving rise to both neurons and glial cells in the developing brain 

(Anthony et al., 2004). Radial glial cells also give rise to GFAP-expressing 

astrocytes in the subventricular zone, and these astrocytes act as adult neural 

stem cells (Merkle et al., 2004). Here, we identify additional NFI target genes in 

MG using ChIP-on-chip analysis of a human promoter array containing the 

promoters regions of 17 000 genes, with 403 genes found to be enriched following 

chromatin immunoprecipitation with a pan-specific α-NFI antibody. Gene ontology 

analysis of putative NFI target genes identified enrichment of genes involved in 

multiple biological processes including gene expression, development and 

differentiation, and, of particular interest, genes involved in nervous system 

development. 

One of the 403 genes identified by Chip-on-chip was the Notch effector 

gene HEY1. The HEY family consists of three basic helix-loop-helix (bHLH) 

proteins (HEY1, HEY2, and HEYL) closely related to the HES family of 

transcriptional repressors (Nakagawa et al., 1999). Hey1 is expressed in the 

developing mouse brain in undifferentiated cells (Sakamoto et al., 2003). 
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Misexpression of Hey1 in the developing mouse brain inhibits neurogenesis and 

promotes maintenance of undifferentiated cells, resulting in increased production 

of astrocytes following the onset of gliogenesis (Sakamoto et al., 2003).  Promoter 

assays indicate that Hey1 acts by inhibiting the neuronal bHLH genes Ascl1 (also 

known as Mash1) and Neurod4 (also known as Math3) (Sakamoto et al., 2003). 

 We identified four putative NFI binding sites within a 1000 bp region 

immediately upstream of the HEY1 transcription start site. Electrophoretic mobility 

shift assays revealed NFI binding to three of these four putative sites, at -794 bp, 

-411 bp, and -332 bp. Although multiple protein-DNA complexes were obtained 

with the putative NFI binding site at -32 bp, these complexes were competed out 

with excess mutated cold oligonucleotide that should no longer bind NFIs. 

Furthermore, the consensus NFI binding site was unable to compete for binding, 

and anti-NFI antibody failed to supershift any of the DNA-protein complexes, 

providing strong evidence for interaction with transcription factor(s) other than NFI. 

Using nuclear extracts enriched for each of the four NFIs, we observed differential 

binding to the three NFI binding sites, at -332 bp, -411 bp and -794 bp. Of note, 

the NFI binding site at -332 bp (H-br1) was bound strongly by all four NFIs based 

on the gel shift assay. NFIC and NFIX bound with greater relative affinity than NFIA 

and NFIB to the NFI binding sites at -411 bp (H-br2) and -794 bp (H-br3). 

Differential binding by different NFI family members in vitro has been previously 

reported (Chapter 2) (Mukhopadhyay et al., 2001; Osada et al., 1999). 

Changes in HEY1 promoter activity upon single or combined knockdown of 

NFIs suggest complex regulation and cross-talk between NFI family members. 
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While knockdown of NFIA had little effect on HEY1 promoter activity, NFIB 

knockdown increased HEY1 promoter activity, and knockdown of combined NFIA 

and NFIB decreased promoter activity. Similarly, whereas knockdown of either 

NFIC or NFIX increased promoter activity by 6.1-fold and 1.6-fold, respectively, 

combined knockdown of NFIC and NFIX only increased promoter activity by 1.5-

fold. There is considerable variability in the transactivation domain of NFI family 

members, and NFIs can bind DNA as both heterodimers and homodimers 

(Gronostajski, 2000; Kruse and Sippel, 1994b). The transactivation potential of 

heterodimers has previously been reported to be the intermediate of NFIs as 

homodimers (Chaudhry et al., 1998). Thus, knockdown of single and combinations 

of NFIs may alter the dynamics of NFI dimerization in the cell.  

As knockdown of NFIA doesn’t alter HEY1 promoter activity, this suggests 

that NFIA/NFIA, NFIA/NFIB, NFIA/NFIC, and NFIA/NFIX dimers are not important 

in activation or repression of transcriptional activity. In contrast, as loss of NFIB 

represses promoter activity, NFIB/NFIB, NFIB/NFIC, and NFIB/NFIX combinations 

may all repress promoter activity. The fact that knockdown of NFIC increases 

HEY1 promoter activity to the greatest extent suggests that at least one dimer 

containing NFIC (NFIB/NFIC, NFIC/NFIC and/or NFIC/NFIX) strongly contributes 

to transcriptional repression. Our data indicate that knockdown of both NFIA and 

NFIB in U251 MG cells results in increased NFIC expression. Increased NFIC may 

in turn increase the relative population of dimers containing NFIC, leading to the 

decrease in promoter activity seen under these conditions. Knockdown of NFIX 

slightly increases promoter activity, suggesting that dimers containing NFIX 



 

176 
 

(NFIB/NFIX, NFIC/NFIX, and NFIX/NFIX) weakly repress transcription from the 

HEY1 promoter. Thus, the modest increase in promoter activity observed upon 

combined knockdown of NFIC and NFIX may be due to the fact that NFIA/NFIA, 

NFIA/NFIB and NFIB/NFIB dimers are preferentially formed under these 

conditions, with concomitant decrease in the relative levels of repressive 

NFIB/NFIC and NFIC/NFIC dimers.  

We also examined changes in endogenous HEY1 mRNA expression upon 

NFI modulation. Upon knockdown of all four NFIs, both HEY1 promoter activity 

and endogenous expression were markedly increased, demonstrating negative 

regulation of HEY1 expression by NFI. This agrees with previous studies reporting 

upregulation of Hey1, along with other members of the Notch signaling pathway in 

the brains of Nfib-/- mice (Betancourt et al., 2014). In contrast to knockdown of all 

four NFIs, knockdown of single NFIs resulted in a decrease in endogenous HEY1 

expression, but promoter activity was unchanged upon NFIA knockdown, and 

increased upon knockdown of NFIB, NFIC and NFIX. Combined NFIA and NFIB 

depletion increased endogenous HEY1 expression, but decreased HEY1 promoter 

activity, even though knockdown of NFIA alone did not alter promoter activity, and 

NFIB alone increased. These results suggest compensatory mechanisms perhaps 

by other members of the NFI family in the context of the endogenous promoter. 

Differences in regulation of NFI-dependent promoter activity in an endogenous or 

chromosomal context versus ectopic context have previously been reported. This 

has been observed for regulation of B-FABP and GFAP expression, as well as 

regulation of the MMTV promoter (Chapter 2) (Archer et al., 1992). 
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Based on our results, it appears that the multiple NFI binding sites in the 

HEY1 promoter may act in opposing manners to fine tune expression. Mutation of 

H-br3 does not alter promoter activity compared to the wild-type promoter, while 

mutation of H-br1 significantly decreases HEY1 promoter activity (Figure 3-6A). 

This contrasts to the repressive role of NFIs on HEY1 expression revealed both 

endogenously and by reporter gene assay. The decrease in promoter activity upon 

abolishing the H-br1 binding site demonstrates that this site positively regulates 

HEY1 expression. Also, even when both H-br1 and H-br3 NFI binding sites are 

mutated (pGL3/HEY1 Hbr1*/3*), and promoter activity is the same as pGL3-basic, 

this construct is still responsive to modulation of NFI, and responds to NFI 

knockdown in a very similar manner to the wild-type HEY1 promoter (Figure 3-5C 

and Figure 3-6C). This suggests that the H-br2 NFI binding site mediates NFI 

repression.  

The opposing actions of these NFI binding sites may be facilitated by 

additional transactivating factors. It is unclear whether NFI binding to the HEY1 

promoter directly represses transcriptional activity, or whether NFI binding 

precludes binding and activation by additional transcription factors. For example, 

the H-br2 site at -411 to -396 bp is located 12 bp upstream of an RBP-Jκ binding 

site that mediates activation by Notch1 (Maier and Gessler, 2000), and 12 bp 

downstream of a putative SMAD binding site (Figure 3-8) (Woltje et al., 2015). 

Similar binding sites are not located in close vicinity to H-br1 (-332 bp) and H-br3 

(-794 bp) NFI binding sites. SMADs mediate bone morphogenetic protein (BMP) 

signaling, and signaling through the BMP-SMAD axis shapes neuronal and glial 
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Figure 3-8: Schematic representation of the HEY1 promoter. 
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differentiation (Hegarty et al., 2013). Notch and BMP-SMAD signaling cooperate 

to induce expression of HEY1 in endothelial cells, and myogenic progenitor cells 

(Dahlqvist et al., 2003; Larrivee et al., 2012). In myogenic progenitor cells, HEY1 

binds to myogenic genes to repress expression and maintain cells in an 

undifferentiated state (Buas et al., 2010; Fukada et al., 2011). Thus, binding by 

NFI to H-br2 may repress HEY1 expression indirectly by blocking access to either 

the RBP-Jκ transcriptional activator complex, Smads, or both.  

HEY1 expression in MG correlates with increased tumour grade and 

decreased survival, and knockdown of HEY1 in MG cell lines decreases 

proliferation (Hulleman et al., 2009). Here, we found that HEY1 is differentially 

expressed in MG cells lines. siRNA targeting HEY1 increased expression of the 

astrocyte marker GFAP in U251 and M049 MG cells, but not in U87 MG cells, 

which do not normally express GFAP. Combined with the role of HEY1 in the 

maintenance neural progenitor cells (Sakamoto et al., 2003), this suggests that 

expression of HEY1 contributes to maintaining MG cells in a less differentiated 

state. Differentiation of tumour initiating cells in glioblastoma models has 

previously been reported to decrease tumourigenicity, and has been suggested as 

promising treatment strategy (Piccirillo et al., 2006; Zheng et al., 2008). To 

determine if HEY1 contributes to a less differentiated phenotype in MG cells, it will 

be useful to examine the expression of markers of neural progenitor cells, including 

nestin, Sox2, and CD133, within cells upon modulation of HEY.  In the same cells, 

it will also be important to monitor changes in expression of markers of neural cell 

differentiation, and cellular proliferation. It has previously been shown that Notch 
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activation through inhibitor of differentiation 4 (Id4) results in hyperproliferation of 

Ink4a/Arf-/- astrocytes, and conversion of these astrocytes to a neural stem cell like 

state, including upregulation of Hey1 expression (Jeon et al., 2008). These studies 

will clarify the contribution of HEY1 to maintaining an undifferentiated phenotype, 

and its role in regulating proliferation in MG cells.  Within tumour tissue, it will also 

be valuable to examine if HEY1 expressing cells correlate with markers of neural 

progenitor cells and/or proliferation. 

 Expression of NFIB is markedly decreased at the mRNA level following 

HEY1 knockdown. Downregulation of NFIB upon knockdown of HEY1 has been 

observed previously in HEK293 cells, but as HEY1 acts as a transcriptional 

repressor this effect on NFI expression is likely not direct, but downstream of HEY1 

target genes (Heisig et al., 2012). Little is known of the direct regulation of NFIB 

expression. In the developing CNS, Nfia expression, but not Nfib, is induced 

directly by Notch signaling (Namihira et al., 2009). NFIA expression in MG 

promotes tumour growth (Glasgow et al., 2013; Lee et al., 2014), however, the role 

of NFIB in MG has not been examined, although Nfib-/- mice have similar defects 

as Nfia-/- mice in gliogenesis (Steele-Perkins et al., 2005). Significantly, Nfib-/- 

mice have an increase in neural progenitor cells, and Nfib represses Ezh2, which 

contributes to preserving the undifferentiated state of neural progenitor cells, 

elucidating the role of NFIB in promoting differentiation. (Piper et al., 2014). This 

is in contrast to the role of HEY1 in promoting maintenance of progenitor cells 

(Sakamoto et al., 2003). It will be important to examine the expression of NFIB in 
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MG, to see if NFIB and HEY1 expression correlate, and to determine if NFIB, 

similar to NFIA, promotes tumour growth. 

 In summary, we show that the NFI transcription factor binds to the 

promoters of multiple genes, involved in many biological processes, in MG cells. 

We identify three NFI binding sites in the HEY1 promoter, and show that NFI 

represses HEY1 promoter activity and expression in MG cells. We demonstrate 

differential binding of the four members of the NFI family to the different NFI binding 

sites in the HEY1 promoter. Our results indicate complex interactions between the 

different members of the NFI family and suggest that NFI dimerization, along with 

additional transcription factors, are involved in the regulation of the HEY1 gene in 

MG.  
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Chapter 4  

 

 

CALCINEURIN REGULATES NUCLEAR FACTOR I 
DEPHOSPHORYLATION AND ACTIVITY IN 

MALIGNANT GLIOMA CELL LINES 

 

 

 

 

 

 

 

 

 

A version of this chapter has been published. Brun, M., Glubrecht, D.D., Baksh, 

S., Godbout, R. (2013). Calcineurin regulates nuclear factor I dephosphorylation 

and activity in malignant glioma cell lines, Journal of Biological Chemistry 

288(33):24104-24115. 
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4.1 Introduction 

Malignant gliomas (MG), comprising grades III and IV astrocytomas, are the 

most common adult brain tumours. These tumours have a dismal prognosis with a 

median survival of less than two years (Ohgaki and Kleihues, 2005a).  MGs are 

highly infiltrative, resulting in recurrence despite aggressive treatment including 

surgical resection, radiotherapy, and chemotherapy (Mason et al., 2007). MGs 

have traditionally been hypothesized to arise from astrocytes as tumour cells 

express glial fibrillary acidic protein (GFAP), an intermediate filament protein 

expressed in differentiated astrocytes (Eng and Rubinstein, 1978). More recent 

findings suggest that these tumours may arise from less differentiated glial cell 

types (Mita et al., 2007; Sanai et al., 2005). MG tumours express brain fatty acid-

binding protein (B-FABP) (Godbout et al., 1998), a marker of radial glial cells. 

Radial glial cells have been shown to have neural precursor cell properties as 

defined by the ability to self-renew and differentiate into glial and neuronal cells 

(Feng et al., 1994; Hansen et al., 2010; Kriegstein and Alvarez-Buylla, 2009; Kurtz 

et al., 1994; Merkle et al., 2004). B-FABP expression correlates with decreased 

survival in grade IV astrocytomas (De Rosa et al., 2012; Kaloshi et al., 2007; Liang 

et al., 2005) and B-FABP expression increases MG cell migration and is 

associated with sites of infiltration in MG tumours (Mita et al., 2010; Mita et al., 

2007).  

Expression of B-FABP and GFAP in MG cells is regulated by Nuclear Factor 

I (NFI) (Chapter 2) (Bisgrove et al., 2000). The NFI family of transcription factors 

consists of four genes: NFIA, NFIB, NFIC, NFIX, all of which can bind to the 
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consensus binding site 5’TTGGCN5GCCAA 3’ as a homodimer or heterodimer, to 

regulate target gene expression (Kruse and Sippel, 1994b; Roulet et al., 2000). 

While the N-terminal DNA-binding domain is highly conserved in all four NFIs, the 

C-terminal domain shows divergence among family members (Gronostajski, 

2000). Our lab has demonstrated that specific NFIs have distinct effects on NFI-

dependent promoter activity (Chapter 2). Furthermore, NFIs can either activate or 

repress transcription from NFI-dependent promoters, and regulation by NFI is both 

tissue- and promoter context-dependent (Chapter 2) (Gronostajski, 2000). 

In addition to B-FABP and GFAP, NFI consensus binding sites have been 

identified in many brain-specific promoters (Amemiya et al., 1992), and NFIs have 

been shown to be regulators of glial cell differentiation (Deneen et al., 2006; Kang 

et al., 2012; Namihira et al., 2009). Nfia-/- and Nfib-/- mice exhibit agenesis of the 

corpus callosum, enlargement of lateral ventricles, and reduction of specific glial 

cell populations (das Neves et al., 1999a; Shu et al., 2003; Steele-Perkins et al., 

2005). In addition, Nfib-/- mice have defects in lung maturation (Grunder et al., 

2002; Steele-Perkins et al., 2005). Nfix-/- mice show enlargement of lateral 

ventricles and a host of skeletal defects (Driller et al., 2007). Unlike Nfia, Nfib, and 

Nfix knock-out mice, Nfic-/- mice have defects in tooth root development, but no 

apparent brain defects (Lee et al., 2009; Steele-Perkins et al., 2003).  In the 

developing spinal cord, NFIA and NFIB control glial fate specification (Deneen et 

al., 2006). At early stages of development, both NFIA and NFIB are necessary for 

the maintenance of neural progenitor cells including radial glial cells. At later 

stages of development, NFIA regulates the migration and differentiation of these 
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precursor cells into astrocytes (Deneen et al., 2006). NFIA has also been shown 

to be critical for astrocyte differentiation of neural precursor cells in the developing 

brain (Namihira et al., 2009).  

The B-FABP and GFAP promoters each contain three NFI consensus 

binding sites (Chapter 2) (Bisgrove et al., 2000; Cebolla and Vallejo, 2006). Based 

on chromatin immunoprecipitation (ChIP) and electrophoretic mobility shift assays, 

NFI binds to all three NFI consensus sites in both genes. In addition, we have 

shown that modulation of NFI expression alters B-FABP and GFAP promoter 

activity, as well as endogenous expression of B-FABP and GFAP in MG cell lines. 

Our data indicate that NFI is differentially phosphorylated in different MG cell lines 

and that NFI phosphorylation state correlates with expression of B-FABP and 

GFAP; i.e., NFI is hyperphosphorylated in MG cell lines that do not express B-

FABP or GFAP and is hypophosphorylated in MG cell lines that express B-FABP 

and GFAP (Bisgrove et al., 2000). Intriguingly, this differential phosphorylation 

appears to be due to a phosphatase activity that is specifically present in MG cell 

lines with hypophosphorylated NFI (Bisgrove et al., 2000). Thus, regulation of NFI 

dephosphorylation may be vital to the control of neural/glial gene expression in 

MG.  

Calcineurin is a calcium-dependent serine/threonine phosphatase (Klee et 

al., 1979) composed of two subunits: calcineurin A (CNA; PP2B), the catalytic 

subunit (Klee et al., 1979), and calcineurin B (CNB), a regulatory calcium binding 

subunit (Klee et al., 1988). Calcineurin plays a wide variety of biological functions, 

linking calcium signaling to multiple outputs ranging from immediate cellular 
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responses to long term alterations in gene expression (Aramburu et al., 2000; 

Shibasaki et al., 2002). In the brain, calcineurin is highly expressed, and plays 

important roles in synaptic plasticity (Baumgartel and Mansuy, 2012; Schwartz et 

al., 2009; Yakel, 1997). In developing cerebellar granule neurons, calcineurin 

signaling activates NFAT binding to NFI target genes, blocking NFI occupancy. As 

these neurons mature, binding of NFAT is temporally downregulated resulting in 

an increase in NFI binding to target genes (Ding et al., 2013). A more direct link 

between calcineurin and NFI comes from the observation that calcineurin is able 

to activate the transactivation domain of NFIC in fibroblasts (Alevizopoulos et al., 

1997). 

Here, we investigate the regulation of NFI dephosphorylation and activity in 

MG cell lines. We show that calcineurin regulates NFI dephosphorylation and 

activity in MG cell lines. In addition, we identify a cleaved form of CNA that is 

specific to MG cell lines with hypophosphorylated NFI. A similar truncated form of 

CNA has previously been shown to have increased phosphatase activity, 

suggesting that NFI dephosphorylation and activation is regulated by activated 

calcineurin in MG. The discovery of a novel regulatory mechanism for controlling 

the expression of neural and glial genes in MG opens up new avenues for 

controlling the growth properties of MG. 
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4.2 Experimental Procedures 

4.2.1 Cell lines, constructs, chemicals, and transfections 

The human MG cell lines have been previously described (Chapter 2) 

(Godbout et al., 1998). All cell lines were cultured in Dulbecco’s modification of 

Eagle’s minimum essential medium supplemented with 10% fetal calf serum, 

penicillin (100 U/mL), and streptomycin (100 µg/mL). Cyclosporin A (CsA) was 

obtained from Sigma-Aldrich, and ionomycin from Fisher Scientific. The 

pCAT/GFAP reporter construct contains -1708 to +8 bp of the GFAP promoter 

cloned into the pCAT basic vector. The pCAT/GFAP G-br1*, pCAT/GFAP G-br2*, 

pCAT/GFAP G-br3* and pCAT/GFAP G-br1*/G-br2*/G-br3* reporter constructs 

contain mutations disrupting one or all three NFI binding sites (Chapter 2). The 

HA-tagged constitutively active CNA expression construct (CNA-CA) and 

catalytically inactive construct (CNA-IN) in pcDNA3 were obtained from Dr. R. 

Chen (School of Life Sciences, Xiamen University, China) and have previously 

been described (Chen et al., 2008). HA-DDX1 cloned into pcDNA3 (Invitrogen) 

was used as a transfection control. The calpastatin expression vector was obtained 

from Dr. D. Jay (Cross Cancer Institute, Edmonton, Canada) (Garcia et al., 2006). 

U251 MG cells were transfected using polyethylenimine (PEI) (Polysciences Inc). 

U87 MG cells were transfected by calcium phosphate-mediated DNA precipitation. 

Cells were harvested 60 h post-transfection. Where indicated, cells were treated 

24 h post-transfection with drugs, and harvested 24 h later. Chloramphenicol 

acetyltransferase (CAT) activity from pCAT (Promega) in lysates was measured 
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following the manufacturer’s protocol. Acetylated [14C]chloramphenicol was 

quantified in cpm using a scintillation counter. 

 

4.2.2 Chromatin immunoprecipitation 

ChIP was carried out as previously described (Chapter 2) (Pillai et al., 

2009). Primers (Table 4-1) were designed to amplify regions of the GFAP and B-

FABP promoters containing NFI binding sites. The GAPDH promoter was used as 

a negative control. A pan-specific anti-NFI antibody (Santa Cruz Biotechnology: 

Clone N-20, Cat. No. sc-870) and purified rabbit IgG (negative control) were used 

for immunoprecipitations. 

 

4.2.3 Western blot analysis and phosphatase treatment 

Whole cell extracts were prepared by lysing cells on ice for 20 min in 50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1X 

Complete protease inhibitor (Roche), 1 mM PMSF. Nuclear extracts were prepared 

by lysing purified nuclei. Briefly, 3 X 106 cells were resuspended in 200 μL nuclei 

isolation buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM 

CaCl2, 250 mM sucrose, 0.1% Nonidet P-40, 1X Complete protease inhibitor, 1XZ 

PhoSTOP phosphatase inhibitor cocktail (Roche) and incubated on ice for 10 min. 

Nuclei were pelleted by centrifugation at 3200 x g for 10 min at 4ºC, washed once 

in nuclei isolation buffer (Andrin et al., 2012) and lysed in 200 µL RIPA buffer [50 

mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% (w/v) SDS, 0.5% (w/v) sodium 

deoxycholate, 1% (v/v) Triton X-100] containing 1X Complete protease inhibitor 
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and 1X PhoSTOP. Chromatin was digested by addition of microccocal nuclease 

(New England Biolabs) and 1 µL 1 M CaCl2. Protein extracts were electrophoresed 

in 10% polyacrylamide-SDS gels, and transferred to polyvinylidene fluoride 

(PVDF) membranes. Membranes were immunostained with mouse anti-CNA (BD 

Pharmigen: Cat. No. G182-1847) (1:10 000), rabbit anti-CNAα (Millipore: Cat. No 

07-1492) (1:1000), rabbit anti-CNAβ (Millipore: Cat. No. 07-1493) (1:1000), rabbit 

anti-NFI (a gift from Dr. N Tanese, NYU Medical Center, NY) (1:1000), rabbit anti-

DDX1 (Bleoo et al., 2001) (1:5000) and mouse anti-α-tubulin (12G10; 

Developmental Studies Hybridoma Bank) (1:100 000) antibodies. Primary 

antibodies were detected with horseradish-peroxidase-conjugated secondary 

antibodies (Jackson ImmunoResearch Biotech) using Immobilon (Millipore). For 

phosphatase treatment, nuclear extracts were prepared in the absence of 1x 

PhoSTOP, and incubated for 1 h at 37ºC in λ-phosphatase buffer (50 mM Tris-HCl 

pH 7.5, 100 mM NaCl, 0.1 mM EGTA, 2 mM dithiothreitol, 0.01% Brij 35, 2 mM 

MnCl2) with or without 400 U λ-phosphatase (New England Biolabs). 

 

4.2.4 Co-immunoprecipitations 

Whole cell extracts were prepared as described above. For co-

immunoprecipitations, 500 µg of U251 whole cell extracts were diluted in wash 

buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.25% sodium deoxycholate, 0.5% 

Nonidet P-40, 1X Complete protease inhibitor (Roche)], incubated with 2 µL anti-

CNA antibody (BD Pharmigen: Cat. No. G182-1847) or 2 µg purified mouse IgG 

(negative control) for 3 h at 4ºC, and immunoprecipitated with protein G Sepharose 
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beads (GE healthcare). Immunoprecipitates were washed three times, and 

subjected to western blot analysis. 

 

4.2.5 Calcineurin activity assay 

Whole cell lysates were prepared by lysing cells in hypotonic lysis buffer (50 

mM Tris-HCl pH 7.5, 0.1 mM EGTA, 1 mM EDTA, 0.5 mM DTT, 50 µg/mL PMSF, 

50 µg/mL trypsin inhibitor, 10 µg/mL leupeptin, 10 µg/mL aprotinin) (Fruman et al., 

1992). Calcineurin activity in extracts was measured using [-32P]RII peptide 

substrate as previously described (Fruman et al., 1992). 

 

4.2.6 Immunofluorescence analysis 

Cells growing on coverslips were treated for 1 h with 10 µM ionomycin or 

DMSO (control), and fixed with 1% (U251 cells) or 2% (U87 cells) 

paraformaldehyde in phosphate-buffered saline for 10 min, followed by 

permeabilization in 0.5% Triton X-100 for 5 min. Cells were immunostained with 

mouse anti-CNA antibody (BD Pharmigen: Cat. No. G182-1847) (1:50-1:200), 

followed by Alexa 488-conjugated goat anti-mouse secondary antibody (1:200). 

Coverslips were mounted onto slides with polyvinylalcohol containing 1 µg/mL 4’6-

diamidino-2-phenylindole (DAPI). Images were acquired with a 40X/1.3 oil 

immersion lens on a Zeiss LSM 710 confocal microscope. 
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4.2.7 Immunohistochemical analysis 

Paraffin-embedded grade IV astrocytomas were obtained from the Brain 

Tumour Tissue Bank, London Health Sciences Centre, London (Canada). Tissues 

were de-waxed in xylene, and rehydrated in 100% ethanol. Slides were 

microwaved for 10 min in citraconic anhydride epitope retrieval buffer (pH 7.4), and 

blocked with 0.5% fish gelatin in Tris-buffered saline with 0.1% Tween 20. Slides 

were incubated in anti-CNA antibody (BD Pharmigen: Cat. No. G182-1847) (1:500) 

overnight at 4ºC, then washed and incubated with anti-mouse DakoCytomation 

Envision+System labelled polymer HRP (DakoCytomation, Denmark) for 1 h. CNA 

immunoreactivity was detected with Dako Liquid DAB+ Substrate Chromagen 

System, and counterstained with hematoxylin. 
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4.3 Results 

4.3.1 In vivo occupancy of NFIs at endogenous promoters 

B-FABP and GFAP expression correlates with NFI phosphorylation in MG 

cell lines. B-FABP and GFAP are expressed in MG cell lines that have 

hypophosphorylated NFIs, but not in cell lines that have hyperphosphorylated NFIs 

(Bisgrove et al., 2000). To compare NFI occupancy of the GFAP and B-FABP 

promoters in MG cells with hyperphosphorylated vs hypophosphorylated NFIs, we 

performed ChIP experiments using a pan-specific NFI antibody in B-

FABP/GFAP+ve U251 (hypophosphorylated NFI) and B-FABP/GFAP-ve U87 

(hyperphosphorylated NFI) MG cell lines (Bisgrove et al., 2000). DNA crosslinked 

to NFI was PCR amplified using primers flanking NFI binding sites in the GFAP 

and B-FABP promoters (Table 4-1 and Figure 4-1A). Bands corresponding to the 

NFI binding sites in the GFAP (G-br1, and G-br2/3) and B-FABP (B-br1/2/3) 

promoters were detected in samples from U251 cells, but not U87 cells (Figure 4-

1B). No bands were detected using primers to the GAPDH promoter, or in the 

rabbit IgG lanes which served as the negative controls for the ChIP experiments. 

Input represents sonicated genomic DNA and thus serves as a positive control for 

the PCR reactions. These results indicate that NFI occupies NFI binding sites in 

U251 cells, but not in U87 cells. 

 

4.3.2 CsA regulates NFI promoter binding and dephosphorylation 

Our lab has previously shown by gel shifts and phosphatase inhibition 

experiments that there is a phosphatase activity in NFI-hypophosphorylated MG 
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Table 4-1: Sequences of primers used for ChIP analysis 

Fragment Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 
G-br1 GTC CTC TTG CTT CAG CGG TGG GCT AGA CTG GCG ATG 

G-br2/3  CAG ACC TGG CAG CAT TGG CTG CTC AAT GGG CTT CTC G 

B-br1/2/3 CGA ACC TGA AAG CCC TTC T GCT CCT GCC TTC TTA TTT GG 

GAPDH GAA CCA GCA CCG ATC ACC CCA GCC CAA GGT CTT GAG 
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Figure 4-1: NFI-dependent promoter binding and activity 
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Figure 4-1: NFI-dependent promoter binding and activity. (A) Schematic 
diagram of the GFAP and B-FABP promoter regions showing the relative location 
of the three NFI binding sites located in each promoter. (B) ChIP analysis was 
carried out in U251 and U87 cells using either a pan-specific anti-NFI antibody or 
rabbit IgG as a negative control. Primers flanking the NFI binding sites identified in 
the GFAP (G-br1 and G-br2/3) and B-FABP promoters (B-br1/2/3) were used for 
PCR amplification (Table 4-1). Primers flanking the proximal GAPDH promoter 
were used as a negative control. Input DNA represents DNA isolated from U251 
or U87 cell lysates following sonication but prior to immunoprecipitation. Input DNA 
serves as the positive control for the PCR reactions, and reveals products of the 
expected sizes. (C) U251 cells were treated for 1 h with 10 µM CsA or DMSO 
(CON, control), followed by ChIP analysis as described in (B) Asterisk (*) denotes 
non-specific band, arrowhead denotes specific band. (D) Western blot analysis of 
NFI in U251 and U87 cells treated with CsA and ionomycin (Iono). U251 and U87 
cells were treated for 1 h with DMSO, 10 µM CsA, or 10 µM ionomycin, and 
harvested using trypsin to dissociate the cells. Nuclear extracts were 
electrophoresed in a 10% SDS-polyacrylamide gel, transferred to a PVDF 
membrane, and immunostained with rabbit anti-NFI antibody. The primary 
antibody was detected with horseradish-peroxidase conjugated antibody and the 
signal was detected with Immobilon reagent. (E) Lambda phosphatase treatment 
of U251 and U87 nuclear extracts. U251 and U87 nuclear extracts were prepared 
in the absence of phosphatase inhibitors, and treated with or without λ-
phosphatase (PPase) for 1 h at 30ºC. Following treatment, extracts were subjected 
to western blot analysis as in (D).  
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cells that is absent in NFI-hyperphosphorylated MG cells (Bisgrove et al., 2000). 

The serine/threonine phosphatase calcineurin is expressed in neurons and 

reactive astrocytes (Goto et al., 1986; Pyrzynska et al., 2001), and has previously 

been associated with NFIC transactivation in NIH3T3 cells (Alevizopoulos et al., 

1997). We performed ChIP on U251 MG cells treated with the calcineurin inhibitor 

CsA to determine if there was any effect on NFI occupancy of endogenous 

promoters. U251 cells were incubated with 10 µM CsA, or DMSO (control) for 1 h 

followed by ChIP analysis as described above. Band intensity was markedly 

decreased in the presence of CsA compared to the DMSO control in the NFI IP 

lanes using primers flanking G-br1, and B-br1/2/3 (Figure 4-1C) indicating a 

decrease in immunoprecipitated DNA. No change was observed using primers 

flanking G-br2/3 (compare IgG and CsA lanes), and no signal was detected using 

primers to the GAPDH promoter. These results indicate that inhibition of 

calcineurin in U251 cells decreases NFI binding at endogenous consensus binding 

sites. 

To determine if the decrease in B-FABP and GFAP promoter binding is due 

to changes in NFI phosphorylation, we treated U251 and U87 MG cells with 10 µM 

CsA, isolated nuclear extracts, and analyzed NFI phosphorylation by western 

blotting. The banding patterns of NFI were distinctly different in U251 and U87 cells 

(Figure 4-1D), with a slower migrating band (band a) specific to U87 cells observed 

in the DMSO lane. Furthermore, the fastest migrating band (band d) in the U251 

control (DMSO) lane was absent in the U87 control (DMSO) lane. This 

recapitulates the increased phosphorylation of NFI reported in U87 compared to 
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U251 MG cells (Bisgrove et al., 2000). Upon inhibition of calcineurin with CsA, 

there was a shift up towards the slower migrating bands (bands b and c) in U251 

cells (CsA lane) with a decrease in the intensity of the fastest migrating band (band 

d). CsA treatment did not alter the intensity of the slower migrating bands (bands 

b and c) in U87 cells.   

Calcineurin is a calcium-dependent phosphatase. We therefore used the 

calcium ionophore ionomycin to increase the level of intracellular calcium in MG 

cells to determine if NFI phosphorylation is calcium sensitive. Western blot analysis 

of NFI following exposure of U87 cells to 10 µM ionomycin for 1 h revealed a 

change in NFI phosphorylation. In particular, we observed a faster migrating band 

in U87 cells which corresponds in size to the fastest migrating band in U251 (Figure 

4-1C, lane 6, band d). There was no significant change in the NFI phosphorylation 

status of U251 cells treated with ionomycin.  

To verify that changes in NFI mobility was due to phosphorylation, U251 

and U87 nuclear extracts were prepared in the absence of phosphatase inhibitors, 

and treated with λ-phosphatase (Figure 4-1E). A shift to faster migrating bands 

was observed in the presence of λ-phosphatase in U251 cells. In comparison, all 

bands were shifted to the fastest migrating form when U87 cell lysates were 

incubated with λ-phosphatase. The persistence of slower migrating bands in 

phosphatase-treated U251 cell lysates suggests the presence of a different 

population of NFI family members. 
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4.3.3 Calcineurin regulates NFI activity  

To study the effect of calcineurin modulation on NFI-dependent 

transcriptional activity, U251 cells were transfected with a CAT reporter gene under 

the control of the GFAP promoter (pCAT/GFAP) containing three well-

characterized NFI binding sites, and treated with CsA or DMSO (control). Following 

treatment with CsA, CAT activity decreased to 74% of control levels (p<0.001) 

(Figure 4-2A). U251 cells were also transfected with the CAT reporter gene under 

the control of the GFAP promoter with each of the three NFI binding site mutated 

singly (pCAT/GFAP G-br1*, pCAT/GFAP G-br2*, pCAT/GFAP G-br3*) and in 

combination (pCAT/GFAP G-br1*/2*/3*). As previously reported, mutation of G-br1 

had the most striking effect on promoter activity, with no further decreases 

observed upon mutation of all three NFI binding sites (Chapter 2). These results 

are consistent with our ChIP results showing strongest binding of NFI to G-br1. 

CsA treatment had no effect on the CAT activity of the mutated constructs.  

 To determine if increasing calcineurin activity modifies NFI-dependent 

promoter activity, U251 and U87 cells were co-transfected with: (i) pCAT/GFAP or 

pCAT/GFAP G-br1*/2*/3* and (ii) control (HA-tagged DDX1; used as transfection 

control), HA-tagged CNA-IN (catalytically inactive CNA) or HA-tagged CNA-CA 

(constitutively active CNA) construct. Expression of constitutively active CNA 

resulted in a 1.41-fold increase in CAT activity in U251 with pCAT/GFAP (p<0.01) 

(Figure 4-2B), and a 1.45-fold increase in CAT activity in U87 cells compared to 

expression of catalytically inactive CNA (p<0.01) (Figure 4-2C). There was no 

difference in CAT activity between control and CNA-IN, or upon co-transfection of 
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Figure 4-2: Calcineurin modulates NFI-dependent promoter activity 
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Figure 4-2: Calcineurin modulates NFI-dependent promoter activity. (A) U251 
cells were transfected with pCAT/GFAP, pCAT/GFAP G-br1*, pCAT/GFAP G-br2*, 
pCAT/GFAP G-br3*, or pCAT/GFAP G-br1*/2*/3* (NFI sites mutated) and treated 
with 10 µM CsA, or DMSO (control) for 24 h. Acetylated [14 C]chloramphenicol was 
measured in cpm from equal aliquots of cell lysates using a scintillation counter. 
The fold increases in CAT activity are relative to U251 cells treated with DMSO 
and transfected with pCAT/GFAP. The results are an average of 4 (pCAT/GFAP 
G-br1*, pCAT/GFAP G-br2*, pCAT/GFAP G-br3*, pCAT/GFAP G-br1*/2*/3* 
constructs) to 6 (pCAT/GFAP construct) independent experiments with standard 
deviation indicated by error bars. (B, C) U251 (B) and U87 (C) cells were co-
transfected with pCAT/GFAP or pCAT/GFAP G-br1*/2*/3* and HA-DDXI (control), 
catalytically inactive (CNA-IN) or constitutively active (CNA-CA) HA-tagged 
calcineurin. The fold increases in CAT activity are relative to U251 pCAT/GFAP: 
HA-DDXI (control) (B) or U87 pCAT/GFAP HA-DDX1 (control) (C). The results are 
an average of 4 independent experiments with standard deviation indicated by 
error bars. Statistical significance was determined using unpaired t test. * denotes 
p<0.01, ** denotes p<0.001. 
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control, CNA-IN or CNA-CA along with pCAT/GFAP G-br1*/2*/3* in either U251 or 

U87 cells (Figures 4-2B,C). 

The alteration in NFI phosphorylation resulting from inhibition of calcineurin 

suggests that calcineurin is at least one of the phosphatases responsible for 

regulating the phosphorylation state of NFI. To address whether calcineurin exists 

in the same complex as NFI, we carried out co-immunoprecipitations. Using an 

anti-CNA antibody, we were able to immunoprecipitate a very large fraction of 

CNA, completely depleting CNA from the supernatant (Figure 4-3). A small amount 

of NFI was co-immunoprecipitated with CNA. No NFI was detected in the IgG 

control lane. We were unable to co-immunoprecipitate CNA with anti-NFI antibody. 

These results suggest that there may be a weak interaction between CNA and NFI 

and/or a small subset of NFI resides in the same cellular complex as calcineurin.  

 

4.3.4 CNA expression in MG cell lines 

Our results indicate a role for CNA in regulating NFI dephosphorylation. We  

therefore examined CNA expression in a panel of 10 MG cell lines, five that 

express B-FABP/GFAP and have hypophosphorylated NFI (M016, M049, M103, 

U251, and U373) and five that do not express B-FABP/GFAP and have 

hyperphosphorylated NFI (A172, CLA, M021, T98, and U87) (Bisgrove et al., 

2000). Western blot analysis of whole cell extracts revealed significant variation in 

expression of CNA (60 kDa) with highest levels in A172, CLA, M021, and T98, and 

lowest levels in M103, U251, and U373 (Figure 4-4A). Intriguingly, we also 

observed a faster migrating band of approximately 57 kDa present exclusively in 
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Figure 4-3: Co-immunoprecipitation of CNA and NFI. Whole cell extracts from 
U251 cells were incubated with either anti-CNA antibody or purified mouse IgG. 
The immunocomplexes were subjected to gel electrophoresis, transferred to a 
PVDF membrane and immunostained with anti-NFI antibody (Tanese) and anti-
CNA antibody. Five percent of the supernatant from each immunoprecipitation was 
loaded in indicated lanes. IP, immunoprecipitation; IB, immunoblotting.  
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the five B-FABP/GFAP+ve cell lines with hypophosphorylated NFIs. This 57 kDa 

form of CNA has previously been reported to be a cleaved form of CNA with 

approximately 2-fold increased activity compared to uncleaved CNA (Liu et al., 

2005a). The observed correlation between the 57 kDa form of CNA and NFI 

hypophosphorylation suggests that the cleaved form of CNA may regulate NFI 

dephosphorylation in MG cells. 

Our antibody to CNA recognizes both the alpha and beta CNA isoforms. A 

third CNA isoform is testis-specific (Muramatsu et al., 1992; Muramatsu and 

Kincaid, 1992). To identify the CNA isoform(s) cleaved in B-FABP/GFAP+ve MG 

cells, we immunostained our panel of 10 MG cell lines with antibodies specific to 

CNAα and CNAβ. Overall, CNAα was expressed at higher levels in B-

FABP/GFAP-ve cell lines, with only the higher-migrating band observed (Figure 

4A). Immunostaining with anti-CNAβ antibody revealed two bands in B-

FABP/GFAP+ve MG cell lines (Figure 4-4A). These results suggest that CNAβ, 

but not CNAα, is being cleaved and activated in B-FABP/GFAP+ve cells.  

Specific calcineurin activity in whole cell lysates was measured by 

dephosphorylation of [32P]RII peptide, a peptide selectively and efficiently 

dephosphorylated by calcineurin in vitro (Donella-Deana et al., 1994; Enz et al., 

1994). As with CNA expression, calcineurin activity varied widely among MG cell 

lines (Figure 4-4B). Highest activity was detected in A172 and T98 cells, releasing 

23.9 and 24.5 pmol/min/mg protein of [32P] from the RII peptide. U87 cells had the 

lowest level of calcineurin activity, 5.7 pmol/min/mg protein. The remaining MG cell 

lines tested had activities ranging from 7.9 pmol/min/mg protein (M021) to 16.0   
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Figure 4-4: CNA expression in MG cell lines 
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Figure 4-4: CNA expression in MG cell lines. (A) Whole cell extracts from MG 
cell lines were electrophoresed, transferred to PVDF membranes, and 
immunostained with anti-CNA, anti-CNAα, anti-CNAβ, and anti-α-tubulin 
antibodies. (B) Calcineurin activity (pmol/min/mg protein) in whole cell lysates was 
measured using [γ-32P]RII peptide substrate. The results are an average of 3 
replicates with standard deviation indicated by error bars. 
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pmol/min/mg (CLA). Interestingly, though expression of CNA was lowest in M103, 

U251, and U373, calcineurin activity in these cell lines using this assay was 

comparable to CLA and M021 which had very high levels of CNA. 

 

4.3.5 Calpastatin modulates NFI-dependent promoter activity 

CNA has been reported to be cleaved to a 57 kDa form by the protease 

calpain (Liu et al., 2005a; Wang et al., 1996). As calpastatin is an endogenous 

inhibitor of calpain activity (Goll et al., 2003), we co-transfected U251 and U87 cells 

with a calpastatin expression construct along with pCAT/GFAP to determine 

whether inhibition of calpain could alter NFI-dependent promoter activity. In U251 

cells, calpastatin significantly decreased CAT activity, to 67% of the control levels 

obtained with empty vector (p<0.05) (Figure 4-5A). U87 cells, which do not have 

the 57 kDa cleaved form of CNA, showed no change in CAT activity. We also 

prepared nuclear and cytoplasmic extracts from U251 and U87 cells transfected 

with calpastatin. Expression of calpastatin did not alter CNAβ expression or 

cleavage in the cytoplasm of U251 or U87 cells; however, there was a clear 

decrease in the amount of cleaved CNAβ in the nucleus of U251 cells treated with 

calpastatin (Figure 4-5B). No CNAβ was detected in the nucleus of U87 cells.  

 

4.3.6 Ionomycin alters NFI phosphorylation and NFI-dependent promoter 

activity 

As previously shown in Figure 4-1D, treatment of U87 cells with the calcium 

ionophore ionomycin resulted in increased dephosphorylation of NFI. We therefore 
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Figure 4-5: Calpastatin alters NFI-dependent promoter activity 
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Figure 4-5: Calpastatin alters NFI-dependent promoter activity. (A) U251 and 
U87 cells were co-transfected with pCAT/GFAP and control (empty vector) or 
calpastatin expression construct. Acetylated [14C]chloramphenicol was measured 
from equal aliquots of cell lysates using a scintillation counter. The fold increases 
in CAT activity are relative to control (empty vector). The results are an average of 
4 independent experiments with standard deviation indicated by error bars. 
Statistical significance was determined using unpaired t test. * denotes p<0.01. (B) 
U251 and U87 cells were transfected with control (Con; empty vector) or 
calpastatin (Calp), and cytoplasmic (Cyto) and nuclear (Nuc) fractions were 
prepared. Extracts were electrophoresed, transferred to PVDF membranes and 
immunostained with anti-CNAβ and anti-DDX1 (loading control) antibodies.   
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examined NFI-dependent promoter activity in U251 and U87 cells following 

treatment with ionomycin to see if changes in NFI phosphorylation might result in 

altered NFI activity. U251 and U87 cells were transfected with pCAT/GFAP, 

followed by treatment with ionomycin or DMSO (control) for 24 h. CAT activity was 

not altered in U251 cells where ionomycin had little effect on NFI phosphorylation 

(Figures 4-1C - lane 3 and 4-6A). However, in U87 cells, treatment with ionomycin 

increased CAT activity 1.8-fold (p<0.001) (Figure 4-6A). 

 

4.3.7 CNA localization in MG cell lines and astrocytoma tumours 

The differences in CNA expression and activity observed in U251 and U87 cells 

led us to examine CNA subcellular localization in these cells. In U251 control 

(DMSO-treated) cells, CNA was concentrated in the nucleus, with dense areas of 

perinuclear staining. CNA staining in the cytoplasm was much weaker than in the 

nucleus (Figure 4-6B). Interestingly, this pattern was reversed in U87 cells, with 

CNA primarily found in the cytoplasm. Upon addition of 10 µM ionomycin for 1 h, 

CNA translocated to the nucleus in U87 cells but had no effect on U251 cells. We 

then quantitated the subcellular localization of CNA in the cytoplasm and nucleus 

of U87 cells. As indicated in Figure 4-6C, CNA was primarily found in the cytoplasm 

of 99% of U87 control cells, with only 1% of untreated cells showing a 

predominantly nuclear pattern. Upon exposure to ionomycin, localization of CNA 

to the nucleus was observed in 88% of U87 cells. We verified these changes in 

subcellular localization by nuclear and cytoplasmic fractionation. Cleaved CNAβ 

was detected in the nucleus of U251 cells treated with DMSO and ionomycin, with 
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Figure 4-6: Ionomycin alters NFI-dependent promoter activity and calcineurin localization
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Figure 4-6: Ionomycin alters NFI-dependent promoter activity and 
calcineurin localization. (A) U251 and U87 cells were transfected with 
pCAT/GFAP and treated with 10 µM ionomycin (Iono), or DMSO (control) for 24 h. 
Acetylated [14C]chloramphenicol was measured in cpm from equal aliquots of cell 
lysates using a scintillation counter. The fold increases in CAT activity are relative 
to the DMSO control. The results are an average of 4 independent experiments 
with standard deviation indicated by error bars. (B) Subcellular localization of 
calcineurin in U251 and U87 cells treated with DMSO (control) or 10 µM ionomycin 
(Iono) was analyzed by immunofluorescence using anti-CNA primary antibody 
followed by Alexa 488-conjugated secondary antibody. DNA was stained with 4’6-
diamidino-2-phenylindole (DAPI). Bar = 10 µm. (C) Percentage of cells with 
predominantly cytoplasmic staining versus cells with nuclear and cytoplasmic 
staining for CNA in U87 cells treated with DMSO (control) or 10 µM ionomycin for 
1 h. This analysis was carried out >100 cells for each parameter. Briefly, 10 
separate fields with approximately 10 – 15 cells per field were randomly selected 
for each parameter. Line scans through the cytoplasm and nucleus of each cell 
were used to assess relative signal in the nucleus and cytoplasm. Statistical 
significance was determined using unpaired t test.  ** denotes p<0.001. (D) U251 
and U87 cells were treated with DMSO (control) or 10 µM ionomycin (Iono) for 1 
h, harvested, and cytoplasmic and nuclear extracts were prepared. Extracts were 
electrophoresed, transferred to PVDF membranes and immunostained with anti-
CNAβ and anti-DDX1 (loading control) antibodies.
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uncleaved CNAβ detected only in the cytoplasm (Figure 4-6D). In U87 cells, CNAβ 

was not detected in the nucleus of DMSO-treated cells; however, following 

treatment with ionomycin, cleaved CNAβ was clearly detected in the nucleus.  

Next, we examined CNA expression in brain and MG tumour tissue. CNA 

was not detected in normal human brain (frontal lobe) based on 

immunohistochemical analysis (Figure 4-7A). Immunostaining of grades I, II and 

IV astrocytoma tumour tissues revealed increased expression of CNA in high 

grade (grade IV) astrocytomas (Figures 4-7E-H) compared to grade I and II 

tumours (Figures 4-7B, C). Expression of CNA was primarily restricted to the 

cytoplasm of a small subset of cells in grade I tumours (Figure 4-7B). The 

immunostaining pattern in grade II astrocytomas was similar to that of grade I 

astrocytomas with CNA expression primarily found in the cytoplasm of a small 

number of cells. In grade IV tumours, we observed increased expression of CNA 

in areas of tumour infiltration. Figures 4-7D to F show progressively higher levels 

of CNA immunostaining in regions of low infiltration to high infiltration. In some 

areas (Figure 4-7E), CNA immunostaining was primarily diffuse and cytoplasmic, 

whereas in other areas (Figure 4-7F), CNA immunostaining was primarily 

perinuclear, with a small subset of cells showing nuclear immunostaining 

(indicated in inset). Of note, strong immunostaining was detected in 

pseudopalisading cells surrounding necrotic areas (Figures 4-7G, H). 

Hypercellular pseudopalisades are commonly observed in high grade 

astrocytomas and are formed by actively migrating cells (Brat et al., 2004). 
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Figure 4-7: Immunohistochemical analysis of CNA in human astrocytoma tumours
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Figure 4-7: Immunohistochemical analysis of CNA in human astrocytoma 
tumours. Tissue sections were immunostained with anti-CNA antibody and 
counterstained with hematoxylin. (A) Normal human brain. (B) Grade I 
astrocytoma. Arrows indicate positive cells (patient 983). (C) Grade II astrocytoma 
(patient 470). Arrow indicates area of positive staining. (D) Grade IV astrocytoma, 
no visible tumour cells (patient 1046). (E) Grade IV astrocytoma, tumour centre 
(patient 1046). (F) Grade IV astrocytoma, heavy tumour infiltration. Inset: arrow 
indicates perinuclear staining; arrowhead indicates nuclear staining (patient 335). 
(G, H) Grade IV astrocytoma, heavy tumour infiltration (patient 1046).  
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 4.4 Discussion 

The NFI family of transcription factors is a key regulator of neural cell 

differentiation, playing an essential role in gliogenesis in the brain and spinal cord 

(Deneen et al., 2006; Namihira et al., 2009). In the spinal cord, induction of NFIA 

and NFIB expression coincides with the start of gliogenesis, and knockdown of 

NFIA results in loss of glial cell progenitors in the chick embryo (Deneen et al., 

2006). Following gliogenesis, NFIA and NFIB promote astrocyte differentiation. In 

the brain, NFIA expression confers astrocytic potential on neural precursor cells 

downstream of Notch-induced signaling and Sox9 (Kang et al., 2012; Namihira et 

al., 2009). In MG, NFI regulates expression of B-FABP and GFAP, normally 

expressed in radial glial cells and in differentiated astrocytes, respectively (Chapter 

2). Importantly, NFI is differentially phosphorylated in MG cells, with 

hypophosphorylated NFI found in B-FABP/GFAP+ve MG cell lines and 

hyperphosphorylated NFI found in B-FABP/GFAP-ve MG cell lines (Bisgrove et al., 

2000). These observations agree with previous experiments demonstrating that 

increased phosphorylation of NFIs results in decreased transactivation of NFI-

dependent promoters (Yang et al., 1993). Importantly, NFI activity appears to be 

regulated by a phosphatase activity that is specific to B-FABP/GFAP+ve (NFI 

hypophosphorylated) MG cells rather than a kinase activity that is specific to B-

FABP/GFAP-ve (NFI hyperphosphorylated) MG cells (Bisgrove et al., 2000). 

Here, we identify the phosphatase calcineurin as an important regulator of 

NFI dephosphorylation and activity in MG cells. Our combined approaches, 

including CNA overexpression and inhibition, co-immunoprecipitation with NFI,  
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ChIP analysis of NFI-dependent B-FABP and GFAP promoters, western blot 

analysis of CNA, and reporter gene assays, point to a direct link between 

calcineurin and dephosphorylation of NFI in MG cells. Calcineurin is a 

serine/threonine phosphatase that is highly expressed in neurons (Goto et al., 

1986; Steiner et al., 1992). Calcineurin has also been detected in C6 glioma cells 

and cultured astrocytes (Farber et al., 1987; Matsuda et al., 1998). In astrocytes, 

calcineurin plays an important role in regulating the inflammatory response 

(Fernandez et al., 2007), and calcineurin expression increases in astrocytes but 

not neurons in a mouse aging model (Norris et al., 2005). Calcineurin has also 

been shown to increase NFIC transactivation (Alevizopoulos et al., 1997), 

providing a direct link between calcineurin and the NFI family.  

The distinguishing characteristics of calcineurin in NFI-hypophosphorylated 

versus NFI-hyperphosphorylated MG cell lines are neither its expression levels nor 

its activity as measured using the RII peptide in vitro assay, but rather: (i) the 

presence of a cleaved 57 kDa CNA fragment specifically associated with NFI-

hypophosphorylated MG cells, and (ii) the nuclear localization of CNA in NFI-

hypophosphorylated MG cells. A 57 kDa cleaved product of CNA has been 

previously reported in cortical neurons following glutamate exposure and in the 

brains of Alzheimer’s disease patients (Liu et al., 2005a; Wu et al., 2004). Of note, 

the 57 kDa form of calcineurin identified in the brains of Alzheimer’s disease 

patients shows a 2-fold increase in phosphatase activity compared to full-length 

CNA (Liu et al., 2005a). There are two CNA isoforms expressed in brain, CNAα 

and CNAβ (Jiang et al., 1997). In this study, we demonstrate that the CNA isoform 
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that is cleaved in NFI-hypophosphorylated MG cells is CNAβ. Although both CNA 

isoforms have been shown to dephosphorylate the same substrates in vitro, each 

isoform has different substrate preference, and differs in substrate binding affinity 

and turnover (Kilka et al., 2009). The differential expression of CNAα and CNAβ in 

different MG cell lines, combined with specific cleavage of CNAβ in NFI-

hypophosphorylated MG cell lines, suggest unique roles for these two CNA 

isoforms in these tumour cells. 

It is unclear why the 57 kDa form of CNAβ is more active, as the cleavage 

site is C-terminal to the CNB binding domain, the calmodulin binding domain, and 

the autoinhibitory domain (Grundke-iqbal 2005). Furthermore, despite the 

cleavage site being located downstream of identified NLS and NES sequences 

(Hallhuber et al., 2006), we found that cleaved CNAβ preferentially localizes to the 

nucleus whereas the uncleaved form preferentially localizes to the cytoplasm. We 

postulate that removal of the C-terminal 20 amino acids of CNAβ increases both 

its phosphatase activity as the result of an altered protein structure and its ability 

to localize to the nucleus.  

CNA is cleaved by the Ca2+-dependent cysteine protease calpain, and 

inhibition of calpain inhibits this cleavage. Our results indicate that inhibition of 

calpain by calpastatin, a specific endogenous inhibitor of calpain (Goll et al., 2003), 

decreases NFI-dependent promoter activity in U251 cells, but not in U87 cells. 

These observations are in agreement with CNA cleavage being calpain-dependent 

in MG cell lines that express the hypophosphorylated form of NFI. It will be 

interesting to examine expression and activity of calpain, and calpain regulators 
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including calpastatin, in MG cell lines and tumours, as they may be important 

upstream regulators of calcineurin, and consequently NFI activity.  

 An intriguing finding is the different subcellular distribution of CNA in MG 

cell lines. In U251 cells, CNA localizes almost exclusively to the nucleus, whereas 

CNA is primarily found in the cytoplasm of U87 cells. When U87 cells are treated 

with ionomycin, a calcium ionophore that causes an influx of calcium in the cells, 

CNAβ is cleaved and translocates to the nucleus. CNA has been detected in the 

nucleus of a variety of cell types (Bosser et al., 1993; Pujol et al., 1993; Santella 

and Carafoli, 1997), and has been reported to translocate to the nucleus following 

addition of a calcium ionophore (Shibasaki et al., 1996). Translocation of CNA to 

the nucleus of MG cells may be an important regulatory step in NFI 

dephosphorylation as NFI is normally found in the nucleus (Bosher et al., 1992). 

In keeping with this idea, suppression of CNA translocation to the nucleus in 

cardiomyocytes obtained from cases of myocardial hypertrophy has been shown 

to inhibit CNA signaling (Cyert, 2001; Hallhuber et al., 2006). Thus, we propose 

that in B-FABP/GFAP+ve, NFI-hypophosphorylated MG cells, where CNA is 

truncated and nuclear, CNA is active and able to dephosphorylate NFI, whereas 

in B-FABP/GFAP-ve, NFI-hyperphosphorylated MG cells, CNA localization to the 

cytoplasm prevents interaction with and dephosphorylation of NFI. 

 Differential cleavage and localization of CNA suggests that there may be 

differences in calcium signaling in MG cell lines. In glial cells, calcium signaling 

regulates cell function by controlling cellular homeostasis and releasing 

gliotransmitters (Nedergaard et al., 2010). Interestingly, overexpression of 
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calcium-permeable AMPA receptors has been reported in brain tumour initiating 

cells (Oh et al., 2012). As AMPA receptors allow calcium influx upon stimulation, 

increased levels of these receptors in MG cells may contribute to the cleavage and 

activation of calcineurin. In turn, increased activity of calcineurin may have wide-

ranging effects beyond NFI phosphorylation since calcineurin has many targets. 

Further examination of MG cell lines and tumour tissues for changes in calcium 

signaling including expression of calcium channels and receptors may elucidate 

how both calpain and calcineurin are activated in these cells. 

  In normal brain, CNA is highly expressed in neurons, with little or no 

expression in astrocytes (Dawson et al., 1994; Goto et al., 1986). Calcineurin is 

activated in astrocytes by inflammatory signals in a cell context-dependent 

manner, with activation of calcineurin in resting astrocytes resulting in progression 

of the inflammatory cascade, and resolution of the inflammatory cascade in 

activated astrocytes (Fernandez et al., 2007). In low grade astrocytomas, CNA 

expression is weak and limited to a small percentage of cells. However, CNA levels 

are considerably higher in grade IV astrocytomas, especially at sites of tumour 

infiltration and in pseudopalisading cells surrounding necrotic zones. 

Pseudopalisades, associated with aggressive tumours and a hallmark of grade IV 

astrocytomas, are regions of hypercellularity formed by tumour cells actively 

migrating away from hypoxic areas (Brat et al., 2004). Our results suggest that 

CNA is preferentially expressed in the most aggressively growing regions of the 

tumours. B-FABP, a target of NFI, has also been shown to be associated with sites 

of tumour infiltration and migration in MG tumours and cell lines (De Rosa et al., 
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2012; Kaloshi et al., 2007; Liang et al., 2005; Mita et al., 2007). Thus, calcineurin 

may reside at the apex of a regulatory cascade centered on the activation of genes 

associated with migration/infiltration. As such, calcineurin may represent a key 

target for the treatment of high grade astrocytomas. 

There are a number of NFI phosphorylation states in MG cells, suggesting 

that NFIs are phosphorylated at multiple sites (Bisgrove et al., 2000). In fact, even 

the most hypophosphorylated form of NFI in U251 can be further 

dephosphorylated by addition of potato acid phosphatase (Bisgrove et al., 2000). 

Thus, we propose that NFI phosphorylation effectively serves as a rheostat to 

control function, with increasing phosphorylation resulting in increased negative 

charge. The outcome is a gradual disruption of molecular interactions and 

decreased activity. A graded response to multisite phosphorylation has been 

characterized previously as a way of finely regulating DNA binding by the 

transcription factor Ets-1 (Pufall et al., 2005) and p53 binding to CREB-binding 

protein (Lee et al., 2010). Alternatively, there may be a threshold of 

phosphorylation/dephosphorylation that acts analogously to an on/off switch. Such 

a mechanism has been demonstrated for NFAT1 which requires 

dephosphorylation of thirteen phosphoserines by CNA for its activation (Okamura 

et al., 2000). A third possibility is that phosphorylation/dephosphorylation of one or 

a small number of specific residues regulates activity. This is the case for Fox03 

in which phosphorylation of S207 by MST1, independent of other phosphorylation 

events, triggers nuclear localization (Lehtinen et al., 2006). It remains to be seen 

which of these mechanisms underlies the control of NFI activity.  
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Taken together, our data support an important role for calcineurin in the 

dephosphorylation and activation of NFI dependent promoter activity in MG cells. 

A complex regulatory picture emerges, consisting of at least four principal steps: 

(i) cleavage of full length calcineurin to the more active 57 kDa form, (ii) 

translocation of calcineurin to the nucleus, (iii) interaction of calcineurin with NFI 

resulting in NFI dephosphorylation, and (iv) binding of NFI  to (and regulation of) 

NFI target gene promoters (Figure 4-8). Based on CNA’s position at the top of this 

regulatory cascade, it should be possible to regulate the expression of NFI target 

genes in MG through modulation of CNA activity. One NFI target gene, B-FABP, 

has already been shown to correlate with poor prognosis and reduced survival in 

MG tumours (Kaloshi et al., 2007; Liang et al., 2006), as well as increased 

migration in MG cell lines and infiltration in grade IV astrocytomas (Mita et al., 

2007). Thus, we may be able to alter the migratory properties of MG cells through 

modulation of NFI phosphorylation by inhibiting CNA activation and/or 

translocation. Future work will involve examining MG tumours to determine if the 

CNA detected in these tissues is activated through calpain and how NFI 

phosphorylation and expression of NFI target genes are affected by CNA 

expression in MG tumours. 
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Figure 4-8: Model of regulation of calcineurin and NFI activity in MG cells. In 
the cytoplasm, calpain cleaves CNA (bound by regulatory subunit CNB). Cleaved 
CNA bound to CNB translocates to the nucleus and dephosphorylates NFI. 
Hypophosphorylated NFI can now interact with NFI consensus binding sites in 
target gene promoters.  
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5.1 Discussion 

5.1.1 Malignant glioma: co-opting development 

 Malignant gliomas (MGs) are notoriously difficult to treat and despite 

advances in surgical resection, radiation therapy, and the introduction of the 

chemotherapy drug temozolomide (TMZ), median survival is only 14.6 months for 

grade IV (glioblastoma (GBM)) and 31 months for grade III tumours (anaplastic 

astrocytoma) (Barker et al., 2014; Stupp et al., 2005). The cell-of-origin of MG 

remains unclear, and from recent studies, it appears possible that the cell-of-origin 

may be highly variable, ranging from adult neural stem cells to terminally 

differentiated cells (discussed in Section 1.1.4).  

 Previous work in our lab demonstrated co-expression of brain fatty acid-

binding protein (B-FABP) with glial fibrillary acidic protein (GFAP) in a subset of 

MG cell lines (Godbout et al., 1998). In the developing brain, B-FABP is expressed 

in radial glial cells. Radial glial cells act as neural stem cells within the brain, first 

dividing to produce neurons, and following the onset of gliogenesis, giving rise to 

glial progenitor cells that further divide and differentiate to produce astrocytes and 

oligodendrocytes (Anthony et al., 2004; Casper and McCarthy, 2006; Malatesta et 

al., 2003; Malatesta et al., 2000). During neurogenesis, radial glial cells also form 

a scaffold that guides migrating neurons (Rakic, 1972). B-FABP expression is 

retained in adult neural stem cells located in the subventricular zone (Giachino et 

al., 2014). Expression of GFAP is activated during the onset of gliogenesis 

(Takizawa et al., 2001), and is also expressed in subventricular zone astrocytes 

which act as adult neural stem cells. (Doetsch et al., 1999a; Giachino et al., 2014). 
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Co-expression of B-FABP and GFAP in MG suggests that these cells may arise 

from subventricular astrocytes that retain neural stem cell properties, or cells within 

this lineage that retain expression of B-FABP and GFAP. 

 We demonstrate that NFI activates expression of GFAP and B-FABP in MG 

cell lines (Chapter 2). During development, NFI regulates the onset of gliogenesis 

downstream of Notch signaling (Deneen et al., 2006; Namihira et al., 2009). 

Specifically, NFIA is necessary for the demethylation of the GFAP promoter, and 

NFI binding to the GFAP promoter promotes its expression in neural precursor 

cells (Cebolla and Vallejo, 2006; Namihira et al., 2009). The onset of NFI 

expression correlates with onset of GFAP expression and gliogenesis in the 

developing brain (Cebolla and Vallejo, 2006; Chaudhry et al., 1997). In the adult 

brain, NFIA expression is principally detected in GFAP-positive cells, and is 

enriched in the subventricular zone (Song et al., 2010). This suggests that NFI 

expression may be preserved in astrocytes that retain neural stem cell 

characteristics in the adult brain. Nfia-/- murine neural stem cells display impaired 

neurosphere formation. Following transduction with oncogenes, these neural stem 

cells are unable to form tumours, in contrast to transduced Nfia+/- neural stem 

cells (Glasgow et al., 2013). This further suggests that NFIA, and possibly 

additional NFI family members, play a role in gene regulation of stem cell 

characteristics, and are necessary for MG tumour formation.  

 NFI also contributes to the migratory activity of MG cells. In radial glial cells, 

B-FABP is necessary for neuronal cell migration, and blocking of B-FABP with 

antibodies targeted to B-FABP prevents radial glial fibre formation (Feng et al., 
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1994). In MG cells, B-FABP expression increases migration, and expression of B-

FABP in GBM tumours correlates with a poorer prognosis (De Rosa et al., 2012; 

Kaloshi et al., 2007; Liang et al., 2006; Mita et al., 2010; Mita et al., 2007). NFI 

binds to the B-FABP promoter and activates expression of B-FABP in MG (Chapter 

2), and NFI, specifically NFIA, increases migration in MG cell lines, and in 

orthotopic xenografts (Lee et al., 2014). 

 Different cell populations with the ability to generate tumours in mice have 

been identified in GBM tumours. These populations represent the glial cell lineage 

spectrum from less differentiated to more differentiated (Chen et al., 2010). Adding 

to the complexity, different oncogenic mutations can result in different tumour 

phenotypes even within the same cell type: astrocytomas and oligodendrogliomas 

can both arise from oligodendrocyte precursor cells, with the tumour phenotype 

dependent on oncogenic signaling (Lindberg et al., 2014). Conversely, the same 

oncogenic disruptions generate different tumour phenotypes when introduced into 

different glial progenitor cells (Wang et al., 2013). This suggests that complex 

interplay between oncogenic drivers, cell types, and cellular environment shapes 

gliomagenesis. Notably, NFIA expression has been shown to play a central role in 

shaping tumour phenotype; expression of NFIA in a mouse oligodendroglioma 

tumour model results in formation of tumours that express GFAP, and upon 

examination, look like astrocytomas (Glasgow et al., 2014). This suggests that the 

NFI family plays a seminal role in shaping MG phenotype. 

 During neurogenesis in the developing brain, glial-specific genes are 

hypermethylated and inactive (Takizawa et al., 2001). Many grade III astrocytomas 
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and secondary GBM are characterized by glioma CpG island methylator 

phenotype (G-CIMP) which is closely associated with isocitrate dehydrogenase 

(IDH) mutations  (Noushmehr et al., 2010; Turcan et al., 2012). Microarray analysis 

of CpG methylation in GBM revealed widespread differential methylation, and also 

identified 25 hypermethylated and 7 hypomethylated genes in more than 20% of 

samples (Martinez et al., 2009). Of particular note, hypermethylated genes in GBM 

were enriched for targets of the polycomb repressive complex 2 (PRC2) in 

embryonic stem cells. 

 NFIs have been shown to contribute to demethylation. Following induction 

of Nfia in the developing mouse brain, DNA methyltransferase 1 (DNMT1) 

dissociates from hypermethylated promoters, resulting in demethylation and 

activation of glial genes, including GFAP (Namihira et al., 2009). In addition, NFIB 

represses expression of the murine histone methyltransferase gene Ezh2 (Piper 

et al., 2014). EZH2 is a component of PRC2 that is expressed in neural stem cells, 

and is downregulated as these cells differentiate (Hirabayashi et al., 2009; Pereira 

et al., 2010). As part of PRC2, EZH2 also inhibits neurogenesis, and promotes the 

switch to astrocyte differentiation (Hirabayashi et al., 2009). Thus, NFIs contribute 

to the regulation of the epigenetic landscape during development. As the 

methylation profiles of GBM tumours suggest similarities to neural stem cells, NFIs 

may contribute to the epigenetic landscape in MG as well. 
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5.1.2 Notch and NFI in communication 

Notch activates expression of both NFIA and HEY1 (Nakagawa et al., 2000; 

Namihira et al., 2009). Conversely, we show that NFI represses expression of 

HEY1 in MG cells (Chapter 3). Notch signaling suppresses neuronal differentiation, 

and promotes neural precursor cell maintenance as well as glial cell specification 

in the developing brain (Hitoshi et al., 2002; Morrison et al., 2000; Namihira et al., 

2009; Ramasamy and Lenka, 2010; Taylor et al., 2007). These multiple, seemingly 

conflicting roles of Notch signaling are mediated by multiple ligands and receptors, 

as well as temporal stage-specific responses (Ramasamy and Lenka, 2010).  

HEY1 overexpression in the developing mouse brain results in an increased 

population of neural precursor cells by inhibiting neurogenesis, and this leads to 

increased astrocyte production following the onset of gliogenesis (Sakamoto et al., 

2003). Similarly, the related Notch effector HES1 promotes maintenance of neural 

precursor cells, and in addition promotes astrocyte differentiation (Ohtsuka et al., 

2001; Wu et al., 2003). However, HES1 can only stimulate astrocyte differentiation 

following glial specification, and not in earlier precursor cells, demonstrating 

lineage restricted roles for Notch effectors (Wu et al., 2003). NFIA also represses 

expression of Hes1, and microarray analysis of hippocampal tissue from Nfia-/- 

mouse brain reveals upregulation of multiple Notch family members including 

Hey1, Hes1, Hes5, Hey2, and Dll4 (Piper et al., 2010). This suggests that NFI may 

be an important regulator of Notch signaling during neural cell differentiation, and 

may be part of a negative feedback loop regulating Notch activity during neural cell 

differentiation. 
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In neural precursor cells, and other cell types, HES1 expression oscillates, 

and oscillation is necessary for normal development and cell fate choice (Baek et 

al., 2006; Hirata et al., 2002; Imayoshi and Kageyama, 2014; Shimojo et al., 2008). 

HES1 binds directly to its own promoter, and represses its own transcription 

(Takebayashi et al., 1994). Similarly, HEY2 also demonstrates negative 

autoregulation, and expression of HEY2 downregulates Notch stimulation of Hey2 

promoter activity, as well as Hey1 promoter activity in mouse embryonic fibroblasts 

(Nakagawa et al., 2000). NFI repression of HEY1 following induction of NFIA 

expression by Notch signaling may function as an additional regulator of Notch 

activity to ensure proper cell specification during development. NFIA expression 

promotes gliogenic differentiation, and even transient Notch activation is sufficient 

to instruct gliogenesis (Deneen et al., 2006; Morrison et al., 2000). Interestingly, 

the B-FABP promoter contains an RBP-Jκ binding site, and is directly activated by 

Notch signaling in radial glial cells (Anthony et al., 2004). Notch and NFI may thus 

coordinate expression of genes during neural differentiation. Following induction 

of NFIs at the onset of gliogenesis, NFI may become essential for expression of 

B-FABP and additional glial genes. 

In MG, the number of cells expressing HEY1 RNA correlates with increasing 

tumour grade and decreased survival compared to HEY1-negative tumours 

(Hulleman et al., 2009). Furthermore, knockdown of HEY1 in MG cell lines results 

in decreased proliferation (Hulleman et al., 2009). In addition to repression of pro-

neurogenic genes, HEY1 and HEY2 directly repress expression of the transcription 

factor genes GATA4 and GATA6 (Fischer et al., 2005). GATA4 and GATA6 are 
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normally expressed in astrocytes, and expression is lost in MG cell lines and 

tumours (Agnihotri et al., 2011; Agnihotri et al., 2009; Kamnasaran et al., 2007). 

Expression of GATA4 and GATA6 in MG cells decreases cell proliferation, with 

both transcription factors acting as tumour suppressors in these cells (Agnihotri et 

al., 2011; Kamnasaran et al., 2007). In MG cells, GATA4 directly activates 

expression of p21 to inhibit proliferation (Agnihotri et al., 2011). Conversely, NFIA 

represses expression of p21 in MG (Glasgow et al., 2013). This suggests multiple 

levels of control for cell proliferation, through both NFI and HEY1. 

While expression of HEY1 correlates with decreased survival in MG 

compared to patients with HEY1-negative tumours, the role of Notch signaling 

remains unclear (see Section 1.4.3). The importance of Notch signaling in 

maintaining neural progenitor cells suggests that Notch signaling may contribute 

to maintenance of a less differentiated phenotype in MG cells. In agreement with 

this idea, overexpression of the Notch intracellular domain (NICD) in a MG cell line 

enhances neurosphere growth (Zhang et al., 2008). In orthotopic xenografts of 

MG, activation of Notch signaling through overexpression of NICD increases 

tumour vascularization, but decreases cell migration (Guichet et al., 2015). 

Hypoxia activates Notch signaling, including upregulation of HEY1 expression, in 

MG through HIF-1α, and increases expression of neural stem cell markers (Bar et 

al., 2010; Qiang et al., 2012). In MG tumours, B-FABP is expressed in 

pseudopalisading cells (Mita et al., 2007), and we have also observed expression 

of NFIA, NFIB (our unpublished data), and calcineurin in these cells (Chapter 4). 

Pseudopalisading cells are hypoxic and actively migrating away from areas of 
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necrosis (Brat et al., 2004). We propose that activation of Notch signaling in 

hypoxic cells may induce expression of both NFIA and HEY1. In turn, NFIs activate 

expression of B-FABP which increases MG cell migration, and repress HEY1 

(Chapters 2 and 3) (Mita et al., 2007). As expression of Notch effectors has 

previously been shown to correlate with decreased migration and increased 

expression of pro-angiogenic factors (Guichet et al., 2015), the balance between 

NFIs and HEY1 and additional Notch effectors may control whether cells migrate 

or induce vascularization in response to hypoxia. 

 

5.1.3 Calcineurin in malignant glioma 

We observed expression of calcineurin in MG tumours and cell lines, with 

increased calcineurin expression in grade IV compared to grade II astrocytoma 

tumours (Chapter 4). In astrocytes, calcineurin expression is normally very low 

(Dawson et al., 1994; Goto et al., 1986). However, expression of calcineurin in 

astrocytes has been shown to increase during normal aging and in reactive 

astrocytes in a mouse model of Alzheimer’s disease (Hashimoto et al., 1998; 

Norris et al., 2005). Reactive astrocytes share many characteristics with neural 

stem cells and radial glial cells including expression of B-FABP, nestin, and Sox2, 

as well as the ability to proliferate, self-renew and give rise to additional cell types 

(Buffo et al., 2008; Gotz et al., 2015). Expression of calcineurin in astrocytes 

replicates the hypertrophic phenotype seen in reactive astrocytes, and calcineurin 

expression in astrocytes can protect neurons against damage from inflammation 

following brain injury (Fernandez et al., 2007; Norris et al., 2005). MG incidence 



 

232 
 

increases with age, and expression of calcineurin in these tumours may be linked 

with increased age, or, alternatively, may be linked to significant disruption of the 

normal environment in MG tumours. Ischemia is a common characteristic of MG 

tumours (Jain et al., 2007), and calcineurin expression in MG tumours may mirror 

calcineurin expression in reactive astrocytes in response to ischemia. This 

possible scenario would also explain the presence of calcineurin in hypoxic 

pseudopalisading cells surrounding areas of necrosis in MG tumours (Chapter 4). 

During development, calcineurin activity is required for specification of 

neural precursor cells from embryonic stem cells (Cho et al., 2014). In these cells, 

calcineurin targets the bone morphogenetic pathway (BMP) through 

dephosphorylation and inactivation of SMAD1/5, to modulate BMP signaling to 

allow neural induction. Following neural induction, BMP signaling in neural 

precursor cells promotes gliogenesis and astrocyte differentiation (Nakashima et 

al., 2001; Nakashima et al., 1999). In astrocyte cultures, BMP signaling through 

Smads inhibits proliferation and decreases expression of EGFR (Scholze et al., 

2014). Calcineurin dephosphorylation of SMADs in MG may contribute to 

increased proliferation. NFI dephosphorylation and activation by calcineurin in MG 

may play a similar role, as NFIA expression increases proliferation in MG cell lines 

and tumours (Glasgow et al., 2013; Lee et al., 2014). 

 Cleavage of CNA, the catalytic subunit of calcineurin, by the serine protease 

calpain results in multiple cleaved forms of CNA that all demonstrate increased 

activity compared to full length CNA (Liu et al., 2005a; Wu et al., 2004). In MG 

cells, we detect a 57 kDa cleaved form of CNA that localizes to the nucleus, and 
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correlates with hypophosphorylated NFI (Chapter 4). Cleaved CNA is also 

detected in excitotoxic neurodegeneration, Alzheimer’s disease brains, and in 

response to intraocular pressure in a glaucoma model (Huang et al., 2005; Liu et 

al., 2005a; Wu et al., 2004). This suggests that cleavage of CNA may be part of a 

response to pathological states within the central nervous system. We detect CNA 

in the nucleus of pseudopalisading cells in MG (Chapter 4) suggesting that CNA 

may also be cleaved in these tumour cells. As MG cells have been exposed to 

hypoxic conditions, cleavage of CNA in these cells may echo cleavage seen in 

other pathological states. The calcium dependent protease calpain cleaves CNA 

in Alzheimer’s disease and in excitotoxic neurodegeneration (Liu et al., 2005a; Wu 

et al., 2004). Calpain is activated by hypoxia, and activation of calpain is 

associated with brain degeneration with age, trauma, stroke, and Alzheimer’s 

disease (Vanderklish and Bahr, 2000). Calpain activation may also play an 

important role in MG. 

 

5.1.4 Calcium signaling in malignant glioma 

 Calcium signaling promotes neural fate in embryonic stem cells, and then 

further promotes neurogenesis (Cho et al., 2014; Leclerc et al., 2011; Shin et al., 

2010). Integration of calcium signaling is vital for neuronal function, including 

neuronal specification, synaptic plasticity, long term memory, survival and death 

(Burgoyne and Haynes, 2014; Leclerc et al., 2011). Calcium signaling also plays 

important roles in neural precursor cells, glial cell differentiation, and in astrocytes. 

These functions may be conserved in MG cells. In fact, calcium signaling has 
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previously been implicated in increased cell motility and proliferation in MG, in part 

through disassembly of focal adhesions, and activation of Akt (Giannone et al., 

2002; Ishiuchi et al., 2007; Lyons et al., 2007). 

 Calcium mobilization in neural precursor cells is regulated by store-

operated calcium channels (Somasundaram et al., 2014). Ca2+ release-activated 

Ca2+ (CRAC) channels are store-operated calcium channels that account for a 

large proportion of calcium release in neural precursor cells (Prakriya, 2009; 

Somasundaram et al., 2014). Subventricular zone astrocytes, which act as neural 

stem cells in the adult brain, also have CRAC channels, whereas protein 

components of CRAC channels are downregulated in neuroblasts. Calcium entry 

through these channels can be activated by exposure to epidermal growth factor 

(EGF), and promotes proliferation in neural precursor cells. Inhibition of these 

channels through knockdown of channel components decreases proliferation of 

adult neural stem cells (Somasundaram et al., 2014).  

  Calcium signaling can also promote astrocyte differentiation. Cyclic AMP 

(cAMP) promotes astrocyte differentiation via a cAMP-dependent increase in 

intracellular calcium (Cebolla et al., 2008; McManus et al., 1999). This increase in 

intracellular calcium activates the calcium binding protein downstream regulatory 

element antagonist modulator (DREAM), which then binds to the GFAP promoter 

and activates transcription (Carrion et al., 1999; Cebolla et al., 2008).  

 In astrocytes, intracellular calcium is modulated by release of 

neurotransmitters and growth factors. Rises in intracellular astrocytic calcium can 

be propagated in waves to adjacent astrocytes (Cornell-Bell et al., 1990; Volterra 
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et al., 2014). Similar to subventricular astrocytes/neural stem cells, EGF can 

increase intracellular calcium in astrocytes. This results in increased calcium 

oscillations in astrocytes, similar to oscillations observed in reactive astrocytes 

(Ding et al., 2007; Morita et al., 2005). Intracellular calcium is also increased in 

response to injury, including hypoxia (Duffy and MacVicar, 1996). Hypoxia and 

activation of EGF receptor (EGFR) signaling are frequent occurrences in MG 

(Chen et al., 2012). Increases in intracellular calcium in these cells may then result 

in calpain activation, cleavage and increased activation of calcineurin, and 

activation of NFI as well as numerous other calcium-dependent effectors. Taken 

together, the role of calcium signaling in neural precursor cells, glial differentiation, 

and astrocytes all support important roles for calcium signaling in MG 

tumourigenesis, growth and survival.  

 

5.2 Future Directions 

5.2.1 Validating novel NFI target genes 

 ChIP-on-chip analysis revealed NFI binding to promoter regions of 403 

genes. In Chapter 3, we validated one identified gene, HEY1, as an NFI target 

gene in MG cells. Gene ontology analysis revealed enrichment of genes involved 

in a variety of biological processes. As predicted from the phenotypes observed in 

NFI knockout mice, NFI expression profiles, and developmental studies, NFI target 

genes were enriched in processes related to development of the of the nervous 

system, skeletal system and cardiovascular system (Table 3-2) (Chaudhry et al., 

1997; Chaudhry et al., 1999; Driller et al., 2007; Holmfeldt et al., 2013; Steele-
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Perkins et al., 2005). Also enriched were processes connected with regulation of 

gene expression, supporting a role for NFI in regulating transcriptional programs. 

Microarray analysis comparing expression of putative target genes in control MG 

cells compared to MG cells depleted of all four NFIs should identify those genes 

that are regulated by NFI in MG cells.  These genes could then be validated as 

bona fide NFI target genes using gene reporter assays, electrophoretic mobility 

shift assays and qPCR. 

 Unexpectedly, gene ontology analysis revealed enrichment of genes in a 

large number of processes related to metabolism. This suggests that NFIs may 

play an important role in regulating metabolism in MG tumours. Grade IV 

astrocytomas show increased anabolic metabolism compared to grade II 

astrocytomas (Chinnaiyan et al., 2012), and altered metabolism with conversion to 

aerobic glycolysis is a hallmark of cancer (Hanahan and Weinberg, 2011; Warburg, 

1956a; Warburg, 1956b). Recently, elevated expression of two mitochondrial 

genes, mitochondrial serine hydroxymethyltransferase (SHMT2) and glycine 

decarboxylase (GLDC), in pseudopalisading cells of GBM tumours was found to 

promote survival, with expression of SHMT2 also promoting cell survival in 

response to ischemia (Kim et al., 2015). As mentioned earlier, NFIA and NFIB are 

also expressed in pseudopalisading cells (our unpublished data). NFI regulation of 

metabolism in MG tumours may be an additional tumour-promoting role for NFIs. 

Investigating putative NFI target genes involved in metabolic processes may reveal 

additional alterations in cellular metabolism in MG. 
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5.2.2 NFI expression in malignant glioma  

 Expression of NFIA in MG tumours has been previously examined. In 

contrast to the tumour-promoting role of NFIA in MG cells, expression of NFIA 

correlates with increased survival in GBM tumours (Lee et al., 2014; Song et al., 

2010). We show that all four NFIs contribute to the regulation of target genes 

GFAP, B-FABP and HEY1 (Chapters 2 and 3). Comparing the levels of NFIB, 

NFIC, and NFIX in normal brain and grades II, III and IV astrocytoma tumours 

using tissue microarray (TMA) in conjunction with analysis of clinical data would 

reveal if there is any correlation between NFIB, NFIC and NFIX and tumour grade 

or changes in survival. It would also be valuable to look at large tumour sections 

to determine if expression of NFI family members is associated with different 

tumour microenvironments as we have previously observed expression of NFIA 

and NFIB in pseudopalisading cells. MG tumours are highly heterogeneous, and 

NFIs may be expressed in specific areas of the tumour, as previously seen with B-

FABP (Mita et al., 2007).  

 NFI is differentially phosphorylated in MG cells, and NFI-dependent 

promoter activity is increased in cells with hypophosphorylated NFI (Chapter 4) 

(Bisgrove et al., 2000). Currently, there are no antibodies to distinguish between 

phosphorylated and hypophosphorylated forms of NFI, and changes in NFI 

phosphorylation are identified by changes in migration in SDS-PAGE or native gels 

(Chapter 4) (Bisgrove et al., 2000). While we have observed hypophosphorylated 

NFI in a subset of MG cell lines, long term culture of MG cells may result in 

widespread molecular changes (Li et al., 2008). Short term primary cultures 
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derived from MG tumours have been shown to retain molecular characteristics of 

tumours (Potter et al., 2009). Thus, analysis of NFI phosphorylation in short term 

primary MG cultures could be used to determine the extent to which NFI is 

hypophosphorylated in MG. One possibility is that NFI is hypophosphorylated in 

only a small subset of MG cells located in specific tumour microenvironments, such 

as areas of hypoxia. Generating antibodies that specifically recognize different 

phosphorylation states of NFI would facilitate analysis of NFI phosphorylation state 

in specific tumour regions.   

 NFIs can form both heterodimers and homodimers, and activity of 

heterodimers falls between the activity of NFI homodimers (Chaudhry et al., 1998; 

Kruse and Sippel, 1994b). To identify the population of dimers present in MG cells, 

co-immunoprecipitation of specific NFIs followed by western blot analysis using 

antibodies specific to the different members of the NFI family would reveal whether 

specific dimers are preferentially formed in MG cells. While this approach would 

identify the population of dimers within cells, it is highly probable that not all dimers 

can interact equally with target promoters, as NFIs have different affinities for NFI 

binding sites (Chapters 2 and 3) (Chaudhry et al., 1998). In order to identify the 

NFI dimers binding to the promoters of NFI target genes, sequential ChIP, or ChIP-

Re-ChIP could be undertaken (Truax and Greer, 2012). This technique is similar 

to ChIP except that following isolation and elution of protein-DNA complexes with 

an antibody to a specific NFI, complexes would be immunoprecipitated a second 

time with an antibody to a second NFI.  Assessing binding to multiple NFI target 

genes, including B-FABP, GFAP, HEY1, p21, and p53 (Chapters 2 and 3) (Lee et 
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al., 2014) would further reveal if NFI dimers binding and repressing promoter 

activity are different than NFI dimers binding and activating promoter activity in MG 

cells.  

   

5.2.3 Uncovering the off switch: the kinase that phosphorylates NFI 

 Hyperphosphorylation of NFI correlates with loss of expression of NFI target 

genes B-FABP and GFAP in MG cell lines, and inhibition of phosphatase activity 

results in NFI hyperphosphorylation (Bisgrove et al., 2000). This suggests that the 

kinase that phosphorylates NFI is constitutively active in these cells. 

Immunoprecipitation of NFI followed by immunoblotting with the α-

phosphotyrosine antibody 4G10 suggests that NFI is not tyrosine phosphorylated. 

PhosphoSite Plus reveals multiple serine/threonine phosphorylation sites in all four 

NFIs by proteomic discovery-mode mass spectrometry. Phosphorylation sites 

identified thus far are concentrated in the C-terminus, with 30 sites in NFIA, 23 in 

NFIB, 39 in NFIC, and 21 in NFIX (Hornbeck et al., 2004). We have mutated 12 

serine/threonine phosphorylation sites to alanine in an NFIA expression construct 

(HA-NFIA Δ12). Transfection of this plasmid in MG cells, followed by western blot 

analysis shows that this mutated NFIA has the same migration in SDS-

polyacrylamide gels as wild-type NFIA (HA-NFIA) treated with λ-phosphatase 

(unpublished data), suggesting that one or more of these 12 sites is necessary for 

NFI phosphorylation in MG cells. Treatment of cells with either purvalanol A or 

roscovitine, two cyclin-dependent kinase (CDK) inhibitors, results in faster 

migration of HA-NFIA in a SDS-polyacrylamide gel. Within the 12 previously 
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mutated sites is a putative CDK5 phosphorylation motif. Mutation of this specific 

serine to alanine (HA-NFIA S300A) results in a migration pattern in a SDS-

polyacrylamide gel that is identical to that of HA-NFIA Δ12, suggesting that this 

site is necessary for NFIA phosphorylation. Thus, Cdk5 may phosphorylate NFIA, 

and possibly other NFIs, in MG cells.  

 CDK5, unlike other CDKs, is not involved in cell cycle regulation in 

proliferating cells (Dhavan and Tsai, 2001). CDK5 is expressed in post-mitotic 

neurons and is necessary for proper neuronal function. The loss of Cdk5 results in 

defects in neuronal migration and in disruption of cortical lamination (Gilmore et 

al., 1998; Ohshima et al., 1996). Cdk5 also regulates differentiation of 

oligodendrocyte precursors (Miyamoto et al., 2007; Yang et al., 2013). Recently, a 

decrease in astrocyte and oligodendrocyte numbers was observed following Cdk5 

knock-out in nestin-expressing cells during development, suggesting that Cdk5 

may contribute to gliogenesis (Petrik et al., 2013). Interestingly, NFI has previously 

been shown to be rapidly phosphorylated in 3T3-L1 adipocytes in response to 

insulin, and Cdk5 is rapidly activated in the same cells following insulin treatment 

(Cooke and Lane, 1999b; Lalioti et al., 2009). 

  CDK5 is expressed in MG tumours and cell lines, and CDK5 activity in MG 

cells is much higher than in peripheral blood mononuclear cells (control) (Catania 

et al., 2001). In vitro phosphorylation assays with activated CDK5 and NFI family 

members could be used to determine whether NFI is phosphorylated by CDK5. 

This approach could also be used to determine if S300 in NFIA is a genuine CDK5 

phosphorylation site, using HA-NFIA S300A as a substrate. To determine if CDK5 
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phosphorylates NFI in MG cells, changes in NFI phosphorylation following 

knockdown or specific inhibition of CDK5 could be examined. If CDK5 does 

phosphorylate NFI, this would provide an additional mechanism for regulating NFI-

dependent promoter activity.  

 

5.2.4 Investigating how phosphorylation attenuates NFI activity 

NFI plays important roles in regulating development, especially in 

gliogenesis (see Section 1.3.5). NFI phosphorylation in development has not been 

examined, but may be an important regulatory mechanism during gliogenesis and 

astrocyte differentiation. Examining NFI phosphorylation in neural precursor cells, 

and as cells differentiate into neurons, astrocytes and oligodendrocytes, would 

reveal the role of NFI phosphorylation in regulating NFI activity and gliogenesis 

during development. These proposed experiments would also demonstrate 

whether NFI phosphorylation in MG is a conserved regulatory mechanism, or 

whether NFI phosphorylation is a tumour-specific event resulting from malignant 

transformation and disruption of normal signaling events.  

 Our preliminary work suggests that mutation of a single phosphorylation 

site, S300, abrogates NFIA phosphorylation. While multiple phosphorylation sites 

exist in NFI [e.g. 30 in NFIA (see Section 5.2.3)], our results indicate that S300 

may be necessary for the phosphorylation of additional sites. Examples of 

hierarchical phosphorylation has been demonstrated in certain proteins and 

kinases. For example, phosphorylation of glycogen synthase by glycogen 

synthase kinase 3 (GSK3) requires a priming phosphorylation, and 
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phosphorylation at a specific site is part of GSK3’s recognition motif (Fiol et al., 

1987). Similarly, phosphorylation of NFATc4 by extracellular signal-regulated 

kinase 5 (ERK5) increases subsequent phosphorylation by casein kinase I (CK1) 

(Yang et al., 2008).  

 Our results show that HA-NFIA S300A is not phosphorylated in MG cells. It 

is currently unknown how phosphorylation affects NFI activity. ChIP experiments 

in MG cells treated with CsA reveal disruption of NFI binding to the promoters of 

target genes in vivo; however, phosphorylation does not affect DNA-binding in vitro 

(Chapter 4). This suggests that phosphorylation may alter protein-protein 

interactions resulting in changes in subnuclear localization or protein interaction 

with chromatin. To address this, changes in protein-protein interactions following 

co-immunoprecipitation of HA-NFIA and HA-NFIA S300A in MG cells where NFI is 

hyperphosphorylated could be examined by mass spectrometry. Fluorescence 

microscopy could be used to identify changes in subnuclear localization depending 

on NFI phosphorylation by co-immunostaining for NFI and markers of 

heterochromatin and active chromatin in MG cell lines with different NFI 

phosphorylation profiles. Similar experiments could also be carried out in cells 

transfected with HA-NFIA and HA-NFIA S300A. In addition, changes in protein 

dynamics could be measured by fluorescence recovery after photobleaching 

(FRAP), as phosphorylation may alter NFI complex formation. These experiments 

would give insight into how NFI phosphorylation alters NFI-dependent promoter 

activity in MG cells. 
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5.2.5 Expression and role of calcineurin in malignant glioma 

In Chapter 4 we show increased expression and nuclear localization of the 

catalytic subunit of calcineurin, CNA, in grade IV astrocytoma compared to low 

grade astrocytoma and normal brain. We also observe CNA in pseudopalisading 

cells, similar to the expression pattern seen for the protein encoded by the NFI 

target gene B-FABP (Chapter 2) (Bisgrove et al., 2000). Pseudopalisading cells 

are actively migrating, and B-FABP increases migration in MG cells (Brat et al., 

2004; Mita et al., 2007). To address the significance of CNA expression in MG, 

tissue microarray (TMA) analysis of CNA in MG tumours could be carried out to 

determine if increased expression and nuclear localization of CNA is a common 

event in MG, and if expression or nuclear localization correlates with survival in 

MG patients. In addition, co-immunostaining TMAs with antibodies to CNA and 

either markers of proliferation (Ki67, PCNA) or migration (B-FABP) would reveal if 

CNA expression and localization correlates with increased migratory or 

proliferative potential. We would predict that calcineurin expression may be a 

negative prognostic indicator in MG based on activation of NFI, and previously 

identified NFI target genes. 

In Chapter 4, we observe a correlation between the cleaved 57 kDa form of 

CNA and hypophosphorylated NFI in a subset of MG cell lines. In Alzheimer’s 

disease brains with the 57 kDA cleaved form, calcineurin activity is 2-fold greater 

than uncleaved CNA from control brains, but still requires the presence of Ca2+ and 

calmodulin for activity (Liu et al., 2005a). We found that the cleaved form of CNA 

preferentially localizes to the nucleus in MG cells that express the 
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hypophosphorylated form of NFI. Furthermore, U87 cells contain the uncleaved 

form of CNA, but following treatment with the calcium ionophore ionomycin, we 

observed the appearance of the 57 kDa form in the nucleus of these cells (Chapter 

4). The cleavage site of CNA is located downstream of the nuclear export 

sequence (NES) and autoinhibitory domain. Thus, it is unclear how this cleavage 

alters localization and activity. It is possible that the 20 amino acids at the extreme 

C-terminus of CNA that are cleaved have a previously unidentified regulatory 

function. One way to investigate the function of the cleaved and uncleaved forms 

of CNA would be to carry out co-immunoprecipitations with full-length versus 

cleaved CNA and identify co-immunoprecipitated proteins by mass spectrometry. 

This approach would indicate whether the 20 amino acids that are removed in the 

cleaved form facilitate interaction with proteins that alter or constrict activity or 

subcellular localization. In conjunction, FRAP would reveal changes in dynamics 

due to changes in complex formation, and nucleocytoplasmic shuttling differences 

between the 57 kDa form and uncleaved 60 kDa form (Koster et al., 2005). This 

cleavage may also alter the structure of calcineurin. Crystallization of the 

calcineurin protein complex with the 57 kDa cleaved form of CNA compared to the 

60 kDa uncleaved form would reveal changes in structure resulting from CNA 

cleavage (Griffith et al., 1995; Kissinger et al., 1995). It is possible that removal of 

20 aa from the C-terminus alters protein folding, which may result in changes in 

binding to CNB or calmodulin through alteration of tertiary structure. 

In addition to identifying how the cleavage of CNA alters calcineurin activity, 

it would also be useful to determine how this cleavage alters cell properties 
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including proliferation, migration, response to stress, and tumourigenicity. 

Calcineurin has many targets in addition to NFI, including NFATs, which are also 

expressed in MG and have been implicated in increased migratory activity (Tie et 

al., 2013; Wang et al., 2015). Increased activity and altered localization of 

calcineurin has the potential to have wide ranging effects. Comparison of migration 

and proliferation in MG cells transfected with the 57 kDa form, compared to full 

length CNA, would reveal if the cleaved form alters these properties. In addition, 

orthotopic xenografts with MG cells expressing either the cleaved 57 kDa form or 

the full length CNA would reveal if this cleaved form can enhance tumourigenicity 

in vivo.  

 Calcineurin is inhibited by cyclosporin A (CsA), an immunosuppressive 

drug widely used in transplant medicine (Azzi et al., 2013; Matsuda et al., 2000; 

Shaw et al., 1995). While little data exist regarding the incidence of MG in 

transplant patients treated with CsA, it has been shown that CsA plays a 

neuroprotective role following seizure, brain injury, and stroke (Albensi et al., 2000; 

Borlongan et al., 2005; Jung et al., 2012; Xie et al., 2012). Conversely, CsA 

reduces proliferation and migration in neural precursor cells, and decreases brain 

size during zebrafish development (Clift et al., 2015; Skardelly et al., 2013). 

Treatment with 30 µM CsA induces autophagic and apoptotic cell death in MG 

cells (Ciechomska et al., 2013), and reduces cell migration at lower concentrations 

(1-10 µM) in multiple cancer cell lines including MG, prostate, and liver (Kawahara 

et al., 2015a; Kawahara et al., 2015b; Tie et al., 2013). Inhibition of calcineurin with 
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CsA or other inhibitors in MG may be a potential therapy to decrease migration in 

MG, as these tumours are highly invasive, making them difficult to treat. 

 

5.3 Significance 

 NFI is an important regulator of gliogenesis in the developing central 

nervous system. Here, we show that NFI promotes expression of the glial genes 

GFAP and B-FABP, and represses expression of HEY1 in MG cells. GFAP and B-

FABP are normally expressed in the glial cell lineage and in adult neural stem cells, 

whereas HEY1 is a Notch effector that promotes maintenance of neural precursor 

cells. Our data support a conserved role for NFI in glial cell differentiation in 

development and gliomagenesis. We also identify the calcium-dependent 

phosphatase calcineurin as an important activator of NFI activity in MG cells. 

Importantly, we describe a cleaved, activated form of calcineurin that localizes to 

the nucleus of MG cells, and find a link between nuclear localization of calcineurin 

and MG cell migration. The cleaved form of CNA reported in this thesis has been 

previously observed in pathological contexts including excitotoxic 

neurodegeneration and in Alzheimer’s disease. Our findings reveal a novel 

signaling paradigm through calcineurin-NFI that regulates gene expression in MG 

cells, and may alter the migratory properties of these cells. We postulate that 

activated calcineurin may contribute to widespread effects in MG cells through 

dephosphorylation of additional substrates. The potential pathological activation of 

calcineurin observed in MG suggests a promising therapeutic avenue for the 

treatment of MG patients through reduction of cell migration and infiltration.  
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