
Nuclear Factor I and Calpain Signaling in Glioblastoma 
 

by 
 

Minh The Vo 
  
  

 
 
 
 

A thesis submitted in partial fulfillment of the requirements for the degree of 
 
 

Doctor of Philosophy 
 

in 
 

Cancer Sciences 
 
 
 
 
 

Department of Oncology 
University of Alberta 

 
 
 
 
 
 
 

  
 
 

© Minh The Vo, 2019 
  



ii 
  

Abstract 

Glioblastoma (GBM), classified as WHO grade IV astrocytoma, is the most 

common and lethal adult primary brain tumour. Despite recent advances in 

treatment, GBM prognosis remains largely unchanged with most patients 

succumbing to the disease within ~15 months of diagnosis. This dismal outcome 

can be attributed in part to its highly infiltrative nature, with tumour cells spreading 

into normal brain parenchyma at early stages of the disease. We and others have 

shown that the expression of brain fatty acid-binding protein (FABP7) correlates 

with increased GBM cell migration in vitro and a worse prognosis. In GBM, FABP7 

is regulated by the Nuclear factor I (NFI) family of four transcription factors: NFIA, 

B, C, X. These transcription factors, specifically NFIA and NFIB, have been shown 

to play key roles in regulating neural cell migration and gliogenesis.  

We have also demonstrated that NFI transcriptional activity is dependent 

on its phosphorylation state, with hypophosphorylated NFI associated with FABP7 

expression. NFIs are dephosphorylated by the calcineurin phosphatase in GBM 

cells. Calcineurin, in turn, is cleaved and activated by calpain proteases. 

Ubiquitously-expressed calpain 1 and calpain 2, the best characterized members 

of the calpain family, have been shown to be master regulators of cell migration, 

with functions spanning all major steps of this process. Importantly, calpain 2 is 

essential for the infiltration of GBM cells in a zebrafish model. Calpain proteolytic 

activity is tightly regulated by the cell, with the most well-known mechanisms being 

autoproteolysis and regulation by its endogenous inhibitor, calpastatin (encoded 
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by the CAST gene). Previous work from our lab has identified CAST as a putative 

target of NFI in GBM cells.  

Here, we confirm NFI binding to a de novo CAST alternative promoter. We 

show that binding of hypophosphorylated NFI to CAST intron 3 results in increased 

utilization of the alternative promoter and a higher ratio of class 2 (encoding for XL-

less calpastatin isoforms) to class 1 (encoding for full-length calpastatin) CAST 

variants, which ultimately leads to altered subcellular distribution of calpastatin. 

Our findings provide a foundation for further investigations into the possibility of 

regulatory crosstalk between NFI and the calpain pathway.  

To this end, we identify two NFI-calpain positive feedback loops with 

opposing effects in GBM: NFIB-calpain 1 and NFIA-calpain 2. We provide 

evidence for two distinctive mechanisms by which differentially phosphorylated 

NFIB can increase calpain 1 activity. In turn, calpain 1, via calcineurin, promotes 

NFIB dephosphorylation, a process that is accompanied by altered subnuclear 

distribution and transcriptional activity of NFIB. We also show that the NFIB-calpain 

1 positive feedback loop acts to suppress cell migration while having little to no 

effect on GBM cell viability. In contrast, we found only one mechanism by which 

NFIA can increase calpain 2 activity. Like calpain 1, calpain 2 cleaves and 

activates calcineurin, which dephosphorylates NFIA and causes an increase in 

FABP7 expression. The NFIA-calpain 2 crosstalk acts to increase GBM cell 

migration and survival. These NFI-calpain positive feedback loops can be exploited 

with calpain inhibitors to reduce GBM cell survival.  
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1.1 Glioma 

1.1.1 Glioma classification and epidemiology 

 The central nervous system (CNS) is comprised of two broad classes of 

cells: neurons which are responsible for information processing and glia which 

provide support for neurons (1). CNS tumours have traditionally been classified 

largely based on their histopathological features (2). Gliomas, believed to arise 

from glial or glial-like cells, account for ~80% of all primary malignant brain tumours 

(3). Gliomas can be divided into sub-categories based on cell type, including but 

not limited to tumours of astrocytic (astrocytomas), oligodendroglial 

(oligodendrogliomas) and ependymal (ependymomas) origins (2). Astrocytic 

tumours can be further stratified into four different grades (I to IV), with lower 

grades (I-II) indicating more differentiated and benign tumours, whereas higher 

grades (III and IV) indicate less differentiated and more malignant tumours (4,5). 

The prognosis for high-grade tumours is generally worse than that of low-grade 

tumours (6). However, recent advances in whole genome sequencing have led to 

the reconsideration of the classification scheme of CNS tumours (7).  

As of 2016, CNS tumours have been classified based not only on their 

phenotypic but also on genotypic parameters (8). In fact, genetic signatures may 

outweigh histological features to reach a more unified diagnostic scheme (Figure 

1.1). Due to the importance of accurate tumour classification, reflected by the 

ability to predict biological behaviour and recommend appropriate treatment, 

neurooncologists are encouraged to append the genetic features of CNS tumours 

to the histopathological diagnoses (8). Some of the common genetic tests include   



3 
  

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Use of histological and genotypic characteristics in the 

classification of gliomas 

IDH, isocitrate dehydrogenase; ATRX, ATP-dependent helicase X-linked helicase 

II; NOS, not-otherwise-specified. Reproduced from Louise et al. (8) with 

permission from the Acta Neuropathologica Journal.  
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isocitrate dehydrogenase (IDH) (9) and TP53 mutations (10), 1p/19q co-deletion 

(11), as well as epidermal growth factor receptor (EGFR) amplification and/or 

mutation (12). Besides providing terminological accuracy in both clinical and 

research contexts, as well as consistency for international communications, these 

molecular signatures reflect advances in our understanding of CNS tumours, the 

etiology of which remain largely unknown. 

 Despite advances in the field of glioma epidemiology, few risk factors 

associated with these tumours have been identified. Only one type of 

environmental factor, high doses of ionizing radiation, has been directly linked to 

glioma tumorigenesis (13). Exposure to high doses of radiation is common when 

cancers are treated with radiation, including that used to treat children with 

leukemia (14). These children may develop gliomas at later stages in life (15). A 

second confirmed glioma risk factor is hereditary mutations in highly penetrant 

genes, which tend to be associated with rare genetic syndromes (16). One 

example is germline mutation of TP53 (encoding p53 – the guardian of the 

genome), a defining characteristic of Li-Fraumeni syndrome. These hereditary 

mutations predispose affected individual to a wide variety of malignancies, 10% of 

which are gliomas (17,18). Preliminary evidence obtained from recent studies have 

demonstrated an inverse correlation between glioma incidence rate and high levels 

of serum IgE, typically observed in individuals with allergic conditions (19). Risk 

factors for specific subcategories of glioma are currently unknown. 
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1.1.2 Astrocytomas and malignant glioma 

 Amongst gliomas, astrocytic tumours (Figure 1.2) are the most frequently 

encountered in the clinical setting (20). Grade I astrocytomas including pilocytic 

astrocytoma and subependymal giant cell astrocytoma are defined as well-

circumscribed tumours with a low proliferative index (21). These tumours typically 

occur in children or young adults and can be cured with surgery alone as they 

seldomly recur or transform into higher grades (22). In contrast, grade II 

astrocytomas, encompassing diffuse astrocytoma and the less commonly known 

pleomorphic xanthoastrocytoma, are often more infiltrative and may transform into 

higher grade tumours (8,23). However, their proliferative potential remains 

comparable to that of grade I tumours (5). Anaplastic astrocytoma (AA) together 

with the rare anaplastic pleomorphic xanthoastrocytoma make up grade III 

astrocytomas (8). These tumours often have a high proliferative index and nuclear 

atypia in conjunction with extensive infiltration (3).  

Based on genetic features, grades II (diffuse astrocytoma) and III 

(anaplastic astrocytoma) astrocytic tumours can be subdivided into IDH-wildtype 

or IDH-mutant, with the majority of these tumours falling into the latter category 

(24). Although the exact mechanism is not clear, patients with IDH-mutant grade 

II and III astrocytomas typically survive longer than those with IDH-wildtype 

tumours, indicating the prognostic power of this genetic marker (25,26). Moreover, 

IDH status carries a significant diagnostic power. IDH-wildtype anaplastic 

astrocytoma is so rare that its diagnosis is routinely re-evaluated to avoid 

misdiagnosis of glioblastoma (GBM), also known as grade IV astrocytoma (7,24).  
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Figure 1.2. Astrocytoma classification
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Similar to grade II and grade III astrocytomas, adult GBM is divided into IDH-

wildtype and IDH-mutant, with the former accounting for ~90% of GBM diagnosis 

(27). IDH-wildtype GBM, clinically known as primary GBM, arises de novo in 

patients over 55 years old without prior evidence of lower grade tumours and 

typically carries the worst prognosis amongst astrocytomas (28). In contrast, IDH-

mutant or secondary GBM, frequently observed in younger patients, results from 

the progression of diffuse or anaplastic astrocytomas and carries better prognosis 

compared to IDH-wildtype GBM (29). If IDH testing is not available, grade II-IV 

astrocytomas will be classified based on their histopathological characteristics, 

followed by NOS (not-otherwise-specified) designation (8).  

Grades III and IV astrocytic tumours, collectively referred to as malignant 

glioma (MG), represent the most common and aggressive form of primary adult 

brain cancers, with the majority of patients succumbing to the disease within 5 

years (grade III astrocytoma) or 1.5 years (grade IV astrocytoma) of diagnosis (23). 

In the United States, approximately 17,000 new MG cases are reported each year, 

most of which affect patients 60 to 80 years of age with a ratio of 3 males to 2 

females (20,30). MG is twice as likely to occur in Caucasians than Africans, with 

Asians and American Indians being less likely to be diagnosed with the disease 

(31). Age-adjusted analysis of glioma rates over the 1979-2008 period in Nordic 

countries revealed that MG incidence remains relatively stable, with no noticeable 

increasing or decreasing trend (15). 

 

1.1.3 Glioblastoma: diagnosis, treatment, survival and challenges 
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 GBM is the most commonly diagnosed form of all glioma tumours, and has 

a median survival time of ~15 months with a 5-year survival probability of less than 

5% (3,32). As a result, GBM is the primary focus of both research and clinical 

investigative efforts dedicated to brain cancer. Research in the field of GBM has 

resulted in a sounder understanding of many aspects of this disease including 

epidemiology, etiology, diagnosis, treatment and palliative care. 

 Patients with primary GBM often present at late stages of the disease when 

symptoms, including neural deficits, cognitive impairment, headaches and 

seizures, are apparent (33). GBM is diagnosed on the basis of imaging, including 

invasive techniques and non-invasive techniques such as computed tomography 

(CT) and magnetic resonance imaging (MRI) (34). Following tumour visualization 

and confirmation, surgical resection is often prescribed to: (i) alleviate the effect of 

the mass by removing the bulk of the tumour, (ii) provide samples for a more 

accurate diagnosis with definitive histopathological and genetic characteristics, 

and (iii) insert local therapeutic agent if desired (35). However, the inherently 

infiltrative and heterogenous nature of GBM cells undermines the curative effects 

of surgery. Furthermore, the location of some GBM tumours may render resection 

impossible (35). In instances where surgery is possible, gross total resection is 

advised, with strong consideration given to the maintenance of normal brain 

function, as there is a strong correlation between a more complete removal of the 

tumour and increased survival time (36-39). Despite its infiltrative capacity, GBM 

tumours rarely metastasize from the CNS (40). 
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 In the late 1970’s, whole-brain radiotherapy (WBRT) following surgical 

resection was shown to significantly improve patient survival time compared to 

supportive care alone (41-43). Although technological advances now allow 

fractionated (~2 Gy over 6 weeks) delivery of external radiation beams, the total 

dose is still limited to 60 Gy (44-46). Beyond this threshold, RT failed to improve 

patient survival while inflicting damage to normal brain tissue (47,48). In fact, a 

pioneering clinical trial done here at the Cross Cancer Institute has demonstrated 

that hypofractionated RT (40 Gy in 15 fractions over 3 weeks), while offering no 

improvement in survival time for elderly GBM patients, has a more favourable 

toxicity profile compared to standard course RT, laying the foundation for the 

potential use of abbreviated RT course for the treatment of GBM (49). Beyond the 

alteration of radiation doses and schedule, more accurate delivery mechanisms of 

radiation beams are being explored. The LINAC-MR project, an MRI-guided linear 

accelerator also being developed at the Cross Cancer Institute, allows for a more 

precise field of treatment by monitoring and compensating for real-time 

movements of the intended target (50). 

 In addition to radiation, GBM patients were traditionally treated with DNA 

alkylating drugs including nitrosourea-based compounds, carmustine (BCNU) and 

lomustine (CCNU), amongst other chemotherapeutic agents (41). However, these 

drugs are highly toxic and offer little to no improvement over RT alone (51). In 

2005, a landmark study demonstrated the superiority of RT with concomitant and 

adjuvant temozolomide (TMZ), an oral DNA-alkylating agent, in improving patient 

survival compered to RT alone (12.1 months versus 14.6 months) (52). Also, 2-
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year and 5-year survival rates of GBM patients increased from 10.4% to 26.5% 

and from 1.9% to 9.8%, respectively (53) for patients who received radiotherapy 

and temozolomide compared to patients who received radiotherapy alone. As a 

result, the current standard-of-care for GBM in most countries, including Canada, 

includes concurrent administration of TMZ (75 mg/m2 over 42 days) followed by six 

cycles of adjuvant TMZ (150-200 mg/m2/day for 5 consecutive days every 28 days) 

(54,55). TMZ induces its genotoxicity by alkylating DNA mainly at the O6 guanine 

position, creating the cytotoxic O6-methylguanine lesion, which can be reversed by 

the O6-methylguanine-DNA methyl transferase (MGMT). When treated with TMZ, 

GBM patients whose MGMT promoter is methylated (and silenced) have higher 

median survival times compared to those carrying the unsilenced MGMT gene 

(21.7 months vs 15.3 months) (56). Unfortunately, most patients will eventually 

develop resistance to TMZ, allowing the tumour to progress. Without effective 

second-line treatment, GBM recurrence often results in death. 

 Due to their inability to cross the blood-brain-barrier (BBB), most 

conventional orally- and intravenously-administered chemotherapeutic agents are 

ineffective against GBM. However, the emergence of molecular-targeted therapies 

raises new, perhaps overly optimistic, hope for a better approach to GBM 

treatment. One of the defining characteristics of GBM tumour is its abnormal 

network of neovasculature, the formation of which can be targeted with anti-

angiogenic drugs (57). To this end, bevacizumab, a humanized monoclonal 

antibody against vascular endothelial growth factor A (VEGF-A), is currently being 

used for recurrent GBM (54). Unfortunately, the clinical benefits of bevacizumab 
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are limited in the case of GBM, with no improvement in overall survival for newly 

diagnosed patients (58). Other low molecular weight molecules targeting a variety 

of relevant signaling pathways in GBM are being investigated (59). However, 

signaling pathways redundancy together with the heterogenous nature of GBM 

cells pose a significant barrier toward the successful development of these agents 

(60). 

 The most exciting field of investigation in tumour biology at this time is 

immunotherapy. The brain was previously thought to be an immune-privileged site 

due to the BBB and lack of a typical lymphatic drainage system (61). However, 

recent findings have challenged this notion. It has been shown that brain tumour-

derived antigens can be drained into cervical lymph nodes and presented to 

specific T-cells, which subsequently can migrate into the CNS and kill the tumour 

cells (62,63). Consequently, a wide range of therapies aimed at activating the 

immune system, including antigen-specific vaccines and immune checkpoint 

blockade, are being developed for GBM (64). 

   

1.1.4 Glioblastoma molecular biology and tumourigenesis 

 The greatest barrier toward effective treatment of GBM may be our lack of 

understanding of the diversity of this disease, which is further complicated by 

intratumour heterogeneity. Recent efforts by The Cancer Genome Atlas Research 

Network (TCGA) have resulted in the identification of four adult GBM molecular 

subtypes: proneural, neural, mesenchymal and classical (65). Each subtype 

carries a specific genetic profile (Figure 1.3), and thus may respond differently to  
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Figure 1.3. Glioblastoma molecular subtypes
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the current standard-of-care for GBM. Decades of research have identified 

numerous signaling pathways relevant to GBM tumourigenesis. However, almost 

three-quarters of GBM tumours carry concurrent alterations in the following three 

pathways: p53, retinoblastoma (pRB) and receptor tyrosine kinase 

(RTK)/phosphatidylinositol 3-kinase (PI3K) (66-68). Aberrant signaling in these 

three core pathways grants GBM important hallmarks of cancer, including 

increased cell survival and proliferation as well as compromised cell cycle 

checkpoints and apoptotic signaling (69). 

Disruption in the p53 signaling pathway is observed in 87% of GBM (66,70). 

The importance of the p53 pathway in GBM tumourigenesis is expected because 

p53, a well-known tumour suppressor, is encoded by the most commonly mutated 

gene in all malignancies. As the guardian of the genome, p53 induces cell cycle 

arrest and apoptosis in response to genotoxic and cytotoxic stress (71). In the 

absence of stress stimuli, p53 is directly bound and its transcriptional activity 

inhibited by mouse double minute 2 homolog (MDM2) (72). Furthermore, as an E3 

ubiquitin ligase, MDM2 ubiquitinates and targets p53 for subsequent proteasomal 

degradation (72,73). Similarly, MDM4 – another negative regulator of p53 – has 

been found to be overexpressed in GBM (74). In addition, the p14ARF tumour 

suppressor, an upstream positive regulator of p53, is frequently mutated or deleted 

in GBM (66). As a result, suppression of p53 activity can be achieved through the 

overexpression of MDM2/4 or loss of p14ARF, without having to alter p53 or its 

encoding gene TP53 (66,74,75). Beside its relevance in primary GBM, TP53 

mutations are detected in 65% of diffuse (grade II) astrocytoma, indicating that  
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disruption in p53 signaling may be the driver for the development of secondary 

GBM (10,70). 

Mutations in the RB1 gene (encoding pRB) occur in at least 20% of high-

grade gliomas and loss of RB protein (pRB) is commonly detected in primary GBM 

(76,77). The association between RB1 mutations and GBM tumourigenesis can be 

attributed to pRB’s role as a master regulator of cell proliferation. By interacting 

and inhibiting the activity of E2F transcription factors, pRB prevents the activation 

of genes involved in cell cycle growth and division (78). Progression of the cell 

cycle from G1 to S phase is contingent on the phosphorylation of pRB by cyclin-

dependent kinases (CDK) 4 and 6 and subsequent release of E2F from pRB (78). 

Consequently, CDK inhibitors including CDKN2B, CDKN2C, and p16INK4A can 

prevent G1-S progression by keeping pRB in a dephosphorylated state and bound 

to E2F transcription factors (78). As observed for the p53 pathway, dysregulation 

of pRB signaling can occur through multiple mechanisms: mutation or deletion of 

the RB1 gene, amplification of CDKs or loss of CDK inhibitors (66,79). Although 

mechanistically different, these alterations lead to uncontrolled proliferation of 

GBM cells. 

 Alteration in the PI3K signaling pathway occurs in ~70% of GBMs (77). 

Whereas p53 and pRB functions primarily involve intrinsic signaling pathways, the 

PI3K complex links extracellular growth factor with internal processes of the cell, 

including survival, metabolism, differentiation and proliferation (80). Of all the 

different types of disruptions in the RTK/PI3K pathway, amplification of EGFR 

signaling remains one of the most frequently encountered alterations in GBM 
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(81,82). Aberrant EGFR/PI3K signaling can be induced by overexpression of 

wildtype EGFR (~45% of GBMs) or the expression of EGFRvIII, a constitutively 

active and ligand-independent EGFR mutant (~50% of GBMs) (70,83-85). Besides 

EGFR, other RTKs are able to activate the PI3K pathway in GBM including 

epidermal growth factor receptor 2 (HER2), platelet derived growth factor alpha 

(PDGFRA) and hepatocyte growth factor receptor (HGFR) (66). Of various 

downstream effectors of PI3K, the tumour suppressor phosphatase and tensin 

homolog (PTEN) appears to be the most commonly affected, with 36% of GBM 

tumours carrying mutations in, or deletion of, this gene (66,82). Loss of PTEN 

activity results in further upregulation of PI3K signaling, which leads to increased 

tumour cell proliferation and invasion (80,81). 

In addition to the three core pathways (p53, pRB1 and PI3K), advances in 

whole genome/transcriptome sequencing have shone light on other signaling 

pathways that are frequently altered in GBM. As previously described, IDH is 

fundamental to the classification of astrocytomas including GBM and is mutated in 

12-20% of GBM tumours, with higher incidence in secondary (85%) compared to 

primary GBM (5%) tumours (9,68,86). Although little is known about how IDH 

mutation contributes to GBM tumourigenesis, GBM patients with IDH mutation 

have improved survival compared to IDH wildtype patients (82). IDH1 catalyzes 

NAD+-dependent decarboxylation of isocitrate to α-ketoglutarate (α-KG) (87). All 

IDH1 mutations in glioma are characterized by a missense mutation at residue 

132, with >85% of these resulting in an arginine to histidine substitution (9,88). 

Analogous mutations in IDH2 at arginine position 172 (R172H) have also been 
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documented (88). IDH1 R132H and IDH2 R172H mutants can no longer convert 

isocitrate into α-KG, but instead convert isocitrate into 2-hydroxyglutarate (2-HG) 

(82,89). By competing with α-KG, 2-HG can inhibit the activity of several histone 

demethylases and cause widespread methylation of CpG islands, also known as 

the glioma-CpG island methylator phenotype (G-CIMP) (68,90). Virtually all G-

CIMP GBM tumours carry IDH mutations and have a significantly better prognosis 

(68,91). With further technological advances, one can safely predict that our 

understanding of molecular pathways underlying glioma tumourigenesis will only 

become more complex and may lead to reclassification of these tumours. 

 

1.2 The Nuclear Factor I (NFI) family 

1.2.1 The NFI family and its expression in embryogenesis 

Nuclear Factor I (NFI) transcription factor, also called CCAAT-binding 

transcription factor (CTF) due to its affinity for CCAAT elements, was initially 

known for its role in the replication of viral genomes (92-95). NFI is sequence-

specific and has been shown to bind the palindromic consensus sequence: 

TTGGC(N3-6)GCCAA (96-99). DNA sequence analyses have identified putative 

NFI-binding elements in a large number of genes, many of which are tissue-

specific including lung, muscle and brain (100-104). So far, four NFI genes have 

been identified in vertebrates (NFIA, NFIB, NFIC and NFIX), the transcripts of 

which undergo further alternative splicing, creating a diverse array of NFI isoforms 

with different transcriptional activity (Figure 1.4) (105-110). Each NFI is comprised 

of a highly conserved N-terminal domain responsible for DNA binding and 
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dimerization and a variable C-terminal domain responsible for transactivation or 

repression of target genes (Figure 1.4) (111,112). NFIs function as either homo- 

or hetero-dimers, with similar in vitro affinities and specificities (112-115). 

Different NFI members exert unique transcriptional control on a single 

promoter, likely because of the variability in the C-terminal transactivation domain 

(116). How NFI activates transcription is not fully understood although a proline-

rich domain identified in all four NFIs has been shown to induce transcription of 

NFI target genes (111,115,117). The NFIC proline-rich domain contains an 

heptapeptide repeat (PTSPSYS), similar to that observed in RNA polymerase II, 

allowing NFI to interact with the general transcription factor TFIIB and TATA-box 

binding protein (118-120). Despite the lack of a well-conserved heptapeptide 

repeat, other NFI members can still function as transcription factors, suggesting 

other mechanisms for NFI-mediated transcriptional regulation (117,121). For 

example, NFI can alter chromatin structure by interacting with histone proteins 

(122,123). Importantly, NFI can act as a master regulator of gene expression, 

especially during development, through its interaction with other transcription 

factors including but not limited to forkhead box A1 (124), thyroid transcription 

factor 1 (125), and Sry-related HMG box (Sox) 9 and 10 (126,127). 

The expression profiles of the four NFI genes are complex, with both unique 

and overlapping patterns observed during mouse embryogenesis. Nfia is first to 

be expressed in the developing brain, followed by Nfic in the dorsal root ganglia 

(128). Subsequently, expression of Nfib and Nfix is detected in both the neocortex 

and ventricular zone (128). NFI knockout models further reveal roles for NFIA,   
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Figure 1.4. NFI members, isoforms, general domain structure and 

phosphorylation sites 

Adapted from Chen et al. (129) with permission from the Cancer Letters Journal.  
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NFIB and NFIX in the developing mouse brain (130-132). Knockout of Nfia in mice 

results in perinatal lethality, with further examination of Nfia-/- brains revealing 

partial or complete loss of the corpus callosum, accumulation of cerebrospinal fluid 

(hydrocephalus), midline glial structural abnormality, and delayed brain maturation 

(130,131,133). In addition to the phenotypes observed in Nfia-/- mice, Nfib-/- brains 

exhibit loss of neural progenitor cells (NPCs), resulting in abnormal cerebral cortex 

neurogenesis (134-137). Nfix-/- mice are characterized by postnatal lethality, with 

hyperproliferation of NPCs and delayed neuronal and glial differentiation (132,138-

140). In contrast, Nfic knockout mice are viable although they demonstrate 

disruption in tooth root development (141). Further genetic analysis of Nfi-/- mice 

also identified complex compensatory pathways for different NFI genes. For 

example, Nfia expression is increased in Nfib-/- mice and higher levels of Nfib are 

observed in Nfia-/- brains, demonstrating crosstalk between different NFI members 

(133,137). 

 

1.2.2 Role of NFI in gliogenesis and neuronal development 

Given the frequency and severity of neural defects, especially the delay in 

glial differentiation and maturation observed upon knocking out different members 

of the NFI family, it is evident that NFI plays an important role in regulating 

gliogenesis. In addition, NFI has been shown to regulate the expression of the glial 

fibrillary acidic protein (GFAP) gene, a specific marker for differentiated astrocytes 

(142). Based on in situ hybridization analysis of murine embryonic spinal cord, Nfia 

and Nfib expression is induced in the ventricular zone at the onset of gliogenesis, 
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concomitant with that of the glutamate aspartate transporter gene (GLAST) – an 

early marker of gliogenesis (143). Misexpression of NFIA and NFIB results in 

premature induction of glial-specific genes, including GLAST and fibroblast growth 

factor receptor 3 (FGFR3) (143,144). Notch-induced Sox9 signaling induces the 

expression of NFIA, followed by demethylation and expression of astrocytic genes 

in differentiating neural precursor cells (142,145). Also, misexpression of NFIA and 

NFIB leads to accelerated expression of GFAP, suggesting that these two NFIs 

promote terminal differentiation of astrocytes (143). In contrast, NFIA has been 

shown to suppress the differentiation of neural progenitor cells into 

oligodendrocytes by counteracting the effects of Sox10 (127,146). By interacting 

with NFIA, Sox10 negatively regulates NFIA-dependent astrocyte-specific genes 

including GFAP and thereby promotes the differentiation of glial precursors into 

oligodendrocytes (146) (127). These findings indicate that NFI, particularly NFIA, 

promotes the commitment of glial precursors to the astrocytic lineage over the 

oligodendroglial lineage. 

In addition to its functions in gliogenesis, NFI also plays important roles in 

neuronal development. NFIB expression is detected in both neuronal cells of 

developing murine olfactory bulbs and excitatory neurons of the subventricular 

zone in adult brain (147). NFI activates the expression of gamma-aminobutyric 

acid type a receptor 6 (GABRA6), a specific marker for mature granular neurons 

in the cerebellum (148,149). In maturing cerebellar granular neurons, NFI target 

genes are often occupied by the nuclear factor of activated T cells (NFAT) due to 

the close proximity of their binding elements, preventing NFI from inducing the 
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terminal differentiation of these neurons (150). As a result, when NFAT binding to 

these genes is reduced, NFI can induce the maturation of cerebellar granular 

neurons, including axon extension, migration, dendritogenesis, and synapse 

formation (150-153). 

Other studies have also demonstrated a role for NFI in the maintenance of 

neural precursor cells. NFIA knockdown leads to reduced numbers of astrocytic 

(FGFR3-expressing) and oligodendroglial [oligodendrocyte transcription factor 

(Olig) 2-expressing)] progenitor cells (143). NFIA depletion also reduces the 

expression of Hes5, a Notch effector gene essential for the self-renewal of neural 

precursor cells (154). In fully-developed brain, NFI is expressed in the 

subventricular zone, which is enriched in stem cells (138,147). Genetic and 

epigenetic analyses reveal that NFI binding motifs are enriched and occupied in 

self-renewing and quiescent neural stem cells (155,156). These findings indicate 

that the role of NFI in the CNS is dynamic, such that NFI promotes glial and 

neuronal differentiation during embryogenesis but acts to maintain the neural stem 

cell population in adult brain (156,157). 

 

1.2.3 Regulation of NFI transcriptional activity 

 Mechanisms underlying the regulation of NFI transcriptional activity are not 

completely understood. In 1988, NFI was reported to be post-translationally 

modified with O-glycosylation (158). Two years later, NFI was reported to be 

phosphorylated by DNA-dependent protein kinase (159). Subsequently, NFI was 

found to be phosphorylated by CDK1; however, this phosphorylation does not 
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appear to affect the binding affinity of NFI to DNA, suggesting that phosphorylation 

may have unknown effects on NFI (160). Early empirical evidence implicating post-

translational phosphorylation in the regulation of NFI transcriptional activity was 

obtained in c-Myc overexpressing 3T3-L1 cells (161). Whereas only one form of 

NFI was detected in wildtype quiescent 3T3-L1 adipocytes, three differentially 

phosphorylated forms of NFI were observed upon overexpression of c-Myc in 

these cells (161). Although different forms of phosphorylated NFI have similar DNA 

binding affinities, overexpression of c-Myc results in decreased transcription from 

NFI-dependent promoters, indicating that NFI phosphorylation is important for 

regulating its transcriptional activity (161).  

NFI is phosphorylated by Janus kinase 2 (Jak2) in mammary epithelial cells, 

preventing NFI from being degraded and thereby increasing levels of NFI 

transcriptional activity (162). As a result, phosphorylation appears to activate NFI 

transcriptional activity. In contrast, our group has demonstrated that NFI is 

differentially phosphorylated in a panel of 10 GBM cell lines, with 

hypophosphorylated NFI correlated to the expression of NFI target genes: FABP7 

and GFAP (163). Of considerable interest, we have previously shown that NFI 

dephosphorylation is mediated by the calcium-dependent calcineurin phosphatase 

(164). Consequently, phosphorylation seems to suppress NFI activity in GBM cells. 

These findings suggest that post-translational phosphorylation may serve as a 

modulatory mechanism for NFI activity rather than being a simple on/off switch.  

 Besides phosphorylation, other mechanisms underlying the regulation of 

NFI transcriptional activity have been reported. A transforming growth factor beta 
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(TGF-β)-responsive element was identified in the proline-rich domain of NFIC 

(123). Binding of TGF-β to this domain results in induction of NFIC activity. 

However, occupation of the proline-rich domain by the tumour necrosis factor 

alpha (TNF-α) leads to suppression of NFIC activity (165). Importantly, mutation of 

phosphorylation sites located in the proline-rich domain to which TGF-β and TNF-

α bind did not affect their ability to alter NFIC transcriptional activity (165). 

Together, these observations suggest that NFI activity can be altered through 

phosphorylation-independent mechanisms, including protein-protein interaction. 

 

1.2.4 Role of NFI in malignant glioma 

Because of its extensive involvement in normal development, including 

gliogenesis, abnormal expression of NFI and dysregulation of its regulatory 

network are commonly observed in many cancers, including GBM (Figure 1.5). 

Whereas NFIA expression is barely detectable in other forms of brain tumours, 

NFIA is highly expressed in all grades of astrocytoma (166,167). In fact, ectopic 

expression of NFIA in oligodendrogliomas is sufficient to induce an astrocytic-shift 

in these tumours (168), in agreement with the role of NFIA in promoting terminal 

differentiation of astrocytes during development (167). In addition, NFIA mRNA is 

significantly upregulated in GBM tumours compared to normal brain, with most of 

the NFIA-positive cells being detected in infiltrative GBM cells (167). However, the 

functional consequence of increased NFIA expression in GBM remains 

controversial. NFIA has been shown to promote GBM tumourigenesis through the 

negative regulation of both TP53 and CDKN1A genes (169). Moreover, NFIA forms 
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Figure 1.5. Role of different NFIs in cancer 

Reproduced from Chen et al. (129) with permission from the Cancer Letters Journal
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a feedforward loop with NF-κB in GBM cells that leads to increased tumour cell 

survival (170). Surprisingly, NFIA protein expression in astrocytomas is associated 

with improved survival of GBM patients (167), suggesting that the role of NFIA in 

GBM tumourigenesis is complex and dependent on other interacting partners. 

Similar to NFIA, NFIB plays a paradoxical role in GBM. NFIB RNA levels 

are inversely correlated with astrocytoma grade (171). In addition, higher NFIB 

RNA levels are associated with improved survival in patients with classical and 

mesenchymal GBM subtypes (171). Although the mechanism remains to be 

investigated, NFIB appears to exert its anti-tumour effects through the signal 

transducer and activator of transcription 3 (STAT3) signaling pathway in these 

GBM subtypes (171). Oncogenic behaviour for NFIB has also reported, with NFIB 

expression correlated with increased growth of the neural GBM subtype (171). In 

addition, NFIB expression is upregulated in the aggressive triple-negative breast 

cancer subtype (172). NFIB has also been shown to act as a driver of tumour 

metastasis in small cell lung cancer (SCLC) by increasing chromatin accessibility 

(173,174). Similarly, NFIB acting downstream of the neural transcription factor 

BRN2 promotes melanoma cell migration and invasion (175). These findings 

reinforce the idea that NFIB-mediated regulation of target genes has opposing 

effects on tumourigenesis dependent on the context in which NFIB is examined.  

 Compared to NFIA and NFIB, the roles of NFIC and NFIX in cancer are less 

well-characterized. NFIC, through its regulation of Krüppel-like factor 4 (KLF4) and 

E-cadherin expression, can suppress epithelial-to-mesenchymal transition and 

invasion of breast cancer cells (176). NFIX depletion has also been shown to 
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reduce cell proliferation, migration and invasion in lung cancer cells, in support of 

an oncogenic role for NFIX (177). In the context of GBM, we have previously shown 

that all four NFI members regulate the expression of the GFAP and FABP7 genes, 

with hypophosphorylated NFI associated with GFAP/FABP7 expression in GBM 

cells (178,179). FABP7 is a marker of neural progenitor/stem cells and GFAP is a 

marker of astrocytic cells (2,180,181). An intact NFI binding consensus site is 

required for transcriptional activation of the FABP7 promoter (163). Expression of 

FABP7 has previously been correlated with increased GBM cell migration and 

invasion (182) and a worse clinical prognosis (183,184). Similar to the expression 

of NFIA in GBM, FABP7 is primarily detected in areas of heavy tumour infiltration, 

including perivascular regions (167,182). Together with the compensatory 

pathways observed between different members of the NFI family, these findings 

reveal intricate expression patterns, diverse downstream regulatory networks and 

even opposing functions for NFI in cancer formation and progression. 

 

1.3 The calpain/calcineurin pathway 

1.3.1 The calpain family 

Calpain, first identified in 1964 and subsequently purified in 1976, is a family 

of neural, Ca2+-dependent, non-lysosomal cysteine proteases (185,186). Calpain 

and its homologs are present in a wide variety of living organisms, including 

prokaryotes (187). To date, 15 calpain-encoding genes, including those encoding 

conventional and unconventional calpains, have been identified in human tissues 

(188). This project focuses on the best-characterized conventional calpain 1 (μ-

calpain) and calpain 2 (m-calpain), with “μ” and “m” prefixes indicating the micro- 
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or milli-molar Ca2+ concentration required for the activation of these two calpains 

in vitro (189). In fact, whether a calpain member is considered to be a “classical 

calpain” depends on the similarity of its domain structure to that of calpains 1 and 

2 (189). Hereafter, the term “calpain” is used to refer to both calpains 1 and 2, 

unless otherwise specified. Unlike other proteases, calpain-dependent cleavage 

of downstream effectors is of a “proteolytic processing” nature, resulting in altered 

activity of calpain targets rather than their degradation (190). Calpain-mediated 

cleavage is highly site-specific and dependent on 3D conformation of the 

polypeptide rather than the primary amino acid sequence of the target (191-193). 

Also, the specificity of both calpains overlaps to a great degree, leading to 

compensation of one’s activity by the other (191). However, targets specific to 

either calpain 1 or calpain 2 have also been reported (194,195). 

Calpains function as heterodimers comprised of a shared small subunit 

(CAPSN1) and a distinctive large subunit (Figure 1.6): CAPN1 (for calpain 1) or 

CAPN2 (for calpain 2). The large (~80 kDa) subunit, in turn, is divided into four 

domains: the N-terminal anchor helix domain (I), the CysPc protease domain (II), 

the C2 domain-like domain (III) and the penta-EF hand domain (IV) (190). The 

small (~30 kDa) subunit contains an N-terminal glycine-rich domain (V) and a C-

terminal penta-EF-hand domain (VI) (190). The N-terminal anchor helix domain of 

the large subunit is unique to calpain, with no sequence homology to any known 

protease families (196). The CysPc domain contains the catalytic triad (cysteine, 

histidine and asparagine) that is similar to other cysteine proteases including 

papain and cathepsins (196). The remaining sequence of this domain, however, 
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Figure 1.6. Domain composition of conventional calpains 1 and 2 

PC1 and PC2, Protease core; PEF, penta-EF-hand. Adapted from Ono and Sorimachi  (188) with permission from the 

Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics Journal.
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shares little homology with other cysteine proteases (196). Importantly, both N-

terminal domains I (large subunit) and V (small subunit) have been shown to 

undergo autoproteolysis, which will be discussed in greater detail (196). X-ray 

crystallographic analysis reveals that domain II can be further divided into two 

subdomains IIa and IIb, each of which can bind one Ca2+ atom (197,198). Domain 

III of the large subunit is responsible for joining domains II and IV and is unique to 

calpain (196). In addition, domain III has been shown to bind phospholipids in a 

Ca2+-dependent manner and thus targets calpain to various intracellular 

membrane-bound structures as well as the plasma membrane (199). The glycine-

rich domain of the small subunit has also been suggested to interact with 

phospholipids, and based on its disordered structure, is believed to tether calpain 

to other molecules (196). Domains III and V therefore may play important roles in 

calpain subcellular localization and substrate specificity as well as the regulation 

of calpain activity. Both penta-EF-hand domains (IV and VI) share some homology 

with calmodulin and are responsible for additional binding of Ca2+ (190). 

 

1.3.2 Calpain functions in cell migration and survival/death 

 Since all tissues examined express at least one of the two calpains (194), 

they are believed to have fundamental roles in the normal operation of the cell. In 

fact, knocking down CAPSN1, which results in the loss of both calpains 1 and 2, 

is embryonic lethal (200). Although the full extent of its functions is currently 

unknown, calpain has been directly or indirectly implicated in a wide range of 

cellular processes including but not limited to cell cycle, cell motility, signaling 
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transduction pathways, cell differentiation, cell death and survival, and synaptic 

plasticity. Only the functions of calpain in cell motility/migration and death/survival 

will be discussed here.  

Calpain is frequently referred to as the master regulator of cell 

motility/migration because of its extensive involvement in most, if not all, major 

steps of this process such as adhesion complex turnover, cell spreading, and 

membrane protrusion (Figure 1.7) (201). Calpain’s role in cell migration was first 

demonstrated in 1997, with calpain inhibition leading to decreased integrin-

dependent cell migration (202). Mechanistically, pharmacological inhibition of 

calpain results in reduced cell migration by stabilizing adhesion complexes at the 

rear-end of the cell and thus lowering their detachment and turnover rates (203). 

In addition, calpain-dependent cleavage of talin 1 has been shown to increase 

binding of talin 1 to integrin β leading to the activation of the latter, which is 

essential for the formation of adhesion complexes (204-206). Loss of calpain 

activity also inhibits microtubule-mediated disassembly of adhesion complexes 

(207). Together, these findings suggest that calpain is involved in all aspects of 

adhesion complex dynamic: formation, disassembly and turnover.  

General calpain inhibition can also lead to reduced cell spreading in 

vascular smooth muscle cells (208), pancreatic β cells (209), T cells (210) and 

platelets (211). More specifically, calpain 2 appears to promote this process in 

fibroblasts through the regulation of actin remodeling (212). In contrast, calpain 1 

has been shown to cleave and generate a dominant negative fragment of RhoA, 

which can inhibit spreading of bovine aortic endothelial cells (213). These  
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Figure 1.7. Opposing role of calpain in cell migration  

Calpain SS1, calpain small subunit; FAK, focal adhesion kinase; RhoA, Ras homolog gene family, member A; αPIX, PAK-

interacting exchange protein; MARCKS; Myristoylated alanine-rich C-kinase substrate. Reproduced from Franco et al. (201) 

with permission from the Journal of Cell Science.
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observations indicate that the role of calpains 1 and 2 in cell spreading is not only 

specific to each calpain but also dependent on the biological context. Although 

rare, calpains 1 and 2 can exert opposite functions on the same cellular process 

(214,215). Artificial inhibition of calpains induces abnormal formation of membrane 

protrusions, including lamellipodia and filopodia (212). Calpain 2 appears to be 

responsible for calpain-mediated regulation of membrane protrusions as depletion 

of this calpain leads to destabilization of leading-edge protrusions (194). 

Interestingly, knocking down the calpain target, cortactin - a regulator of actin, 

produces similar phenotypes to calpain 2 depletion, suggesting that cleavage of 

cortactin is important for calpain-mediated regulation of membrane protrusions 

(201). 

The functions of calpain in cell survival and death are not as well 

characterized as its role in cell migration. However, calpain is known to promote 

both cell survival and apoptosis, a programmed cell death that is dependent on 

biological context (Figure 1.8). The pro-survival role of calpain is best illustrated by 

its regulation of p53 stability, with calpain shown to cleave and degrade p53 (216). 

As a result, inhibition of calpain leads to increased levels of p53 and p21 as well 

as activation of caspase, resulting in cell death by apoptosis (217). Calpain further 

contributes to cell survival by degrading the inhibitor of NF-κB (IκBα), resulting in 

the activation of NF-κB signaling (218). Calpain can also destroy pro-apoptotic 

proteins, including the transcription factor MYC (219,220). Consequently, inhibition 

of calpain in MYC-positive fibroblasts leads to anoikis, an apoptotic process 

induced by detachment of cells from the extracellular matrix (221).  
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Figure 1.8. Calpain can induce both cell survival (a) and apoptosis (b) 

Reproduced from Storr et al. (218) with permission from Nature Reviews Cancer.  
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In contradiction with the above-noted roles for calpains in cell survival, 

calpain has been shown to cleave and activate p53 upon DNA damage in neuronal 

cells, leading to apoptosis (219). Calpain also cleaves and activates a variety of 

caspases including caspase 7, caspase 10 and caspase 12 (218). Calpain-

mediated cleavage of caspase 7 produces an even more active form of this 

protease compared to that generated by caspase 3-mediated cleavage, 

suggesting that calpain may be a more potent apoptotic activator than apoptosis 

repressor (222). Calpain cleaves and activates caspase 12 in response to 

endoplasmic reticulum stress, leading to the activation of apoptosis (223). Calpain 

can also promote apoptosis in a caspase-independent manner (218). Calpain has 

been reported to cleave and activate pro-apoptotic members of the B-cell 

lymphoma 2 (BCL-2) family, including the Bax-like BH3 (Bid) (224) and bcl-2-like 

protein 4 (Bax) (225) proteins, resulting in cytochrome c release from the 

mitochondria. These findings demonstrate diverse functions for calpain in the 

regulation of cell death and survival. 

 

1.3.3 Calpain and cancer, with a focus on GBM 

 Due to its multifaceted functions, dysregulation of calpain expression and 

calpain-mediated proteolysis of downstream effectors have been documented in 

many diseases including but not limited to neurodegenerative diseases, muscular 

dystrophy, diabetes and cardiomyopathy. In cancer, upregulation of calpain 1 

expression has been observed in renal cell carcinoma, schwannoma and 

meningioma (226,227). High calpain 1 levels contribute to pancreatic cancer 

progression and poor clinical prognosis (228). Increased calpain 2 levels were also 
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reported in colorectal adenocarcinoma (229). Moreover, calpain 2 has been shown 

to enhance progression and chemo-resistance of non-small cell lung cancer cells 

(230). Beyond the typical calpains 1 and 2, other members of the calpain family 

have been implicated in tumourigenesis. Immunohistochemical analysis reveals 

that calpain 6 expression is significantly increased in uterine and cervical 

malignancies (231,232). In contrast, calpain 3 expression is reduced in melanoma 

(233). Similarly, decreased calpain 9 levels were observed in gastric cancer (234). 

These findings represent only a small body of evidence from the literature 

demonstrating the extensive involvement of calpain in a wide range of neoplastic 

conditions. 

Although there are many different molecular pathways through which 

calpain can regulate malignant transformation and progression, calpain-mediated 

regulation of tumour cell migration/invasion and apoptosis are most relevant to this 

thesis (Figure 1.9). Calpain 2 is essential for the invasion of prostate cancer cells 

(235). Similarly, silencing of calpain results in decreased metastatic potential of 

osteosarcoma cells (236). With respect to cell death, calpain 1 is the predominant 

mediator of apoptosis in human lung adenocarcinoma cells treated with cisplatin 

(237,238). In contrast, calpain-mediated proteolysis of pRB induces proteasomal 

degradation of pRB, enhancing survival of HeLa cells (239). These findings 

suggest that, mirroring calpain functions in normal cell migration and apoptosis, 

calpain’s role in either promoting or inhibiting these processes is dependent on 

specific cancer types, or even subtypes. 

  



36 
  

 

10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Calpain-mediated regulation of tumour cell migration/invasion 

and death/survival 

Adapted from Leloup and Wells (240) with permission from Expert Opinion on 

Therapeutic Targets 
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In GBM, calpain has been shown to mediate the apoptotic-inducing effects 

of a variety of chemical compounds. Curcumin, a polyphenolic compound, induces 

apoptosis in U87 GBM cells by activating calpain signaling (241). In curcumin-

treated cells, α-spectrin (270 kDa) was found to be cleaved into a 145 kDa 

fragment, which is specific to calpain-mediated proteolysis of this protein (242). 

Similarly, silibinin – a polyphenolic flavonoid – also induces calpain-dependent 

apoptosis in GBM cells (243). In the latter study, activation of calpain by silibinin 

treatment was followed by the generation of reactive oxygen species (ROS) 

concomitant with the activation of protein kinase C isoform δ (PKCδ) (243). Unlike 

other PKC isoforms, PKCδ promotes apoptosis (244). In addition, cleavage of Bax 

and nuclear translocation of apoptosis-inducing factor (AIF) was also observed, 

with the former inducing release of cytochrome c from the mitochondria and the 

latter causing DNA fragmentation in the nucleus (243). As a result, treating U87 

GBM cells with calpain blocks silibinin-induced ROS generation, resulting in 

decreased levels of apoptosis (244). Besides apoptosis, calpain also induces 

necrosis, a form of cell death caused by noxious stimuli, in response to chemical 

treatment (245). These findings suggest the potential use of calpain activators to 

induce GBM cell death. While radiation therapy and chemotherapy have already 

been demonstrated to effectively induce GBM cell death, leading to shrinkage of 

the tumour mass (53,246), current GBM treatment fails to target infiltrative tumour 

cells, which ultimately results in GBM recurrence. 

Due to its extensive involvement in the regulation of cell migration, calpain 

is essential for the infiltration of GBM cells in vitro and in vivo. To this end, only the 
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role of calpain 2, but not calpain 1, has been elucidated. It has long been noted 

that calcium flux induced by autocrine glutamate signaling is important for the 

invasive phenotype of GBM cells (247,248). However, the exact molecular 

mechanism underlying this observation remained unclear until 2010, when calpain 

2 was shown to be the key mediator of GBM cell invasion in response to calcium 

influx (249). Knocking down calpain 2 or pharmacological inhibition of calpain 

activity leads to a 90% reduction in GBM cell invasion upon treatment of these cells 

with A23187, a calcium ionophore (249). Mechanistically, depletion of calpain 2 

results in reduced levels of extracellular matrix metalloproteinase 2 (MMP2) in 

response to A23187 treatment (249). MMPs, including MMP2, are responsible for 

degradation of extracellular matrix proteins, thereby facilitating tumour cell 

invasion (250). Increased MMP2 expression has been correlated with higher grade 

astrocytomas and a worse clinical prognosis (251,252). Calpain 2 has also been 

shown to be essential for the infiltration of GBM cells in a zebrafish brain model 

(253). Calpain 2-depleted GBM cells were able to form a tumour mass when 

transplanted into the zebrafish brain but exhibited a ~3-fold reduction in long-

distance migration compared to control cells (253). This study also showed that 

calpain 2 knockdown was associated with decreased formation of new blood 

vessels, suggesting that calpain 2 positively regulates neoangiogenesis, a defining 

characteristic of GBM tumours (253). A related finding is that the angiogenic effects 

of VEGF are facilitated by calpain-induced reorganization of the actin cytoskeleton 

in endothelial cells (254). 
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1.3.4 Calpain substrates, in particular calcineurin 

 To date, more than 100 substrates of calpain have been identified in vitro, 

with a subset of these verified as calpain targets in vivo (196). Mirroring the diverse 

functions of calpain, its substrates are involved in a wide array of cellular processes 

and can be classified, with some exceptions, into four general groups: cytoskeletal 

proteins (group 1), membrane-bound proteins (group 2), kinases/phosphatases 

(group 3) and transcription factors (group 4) (196). For example, calpain-mediated 

proteolysis of vimentin (group 1 substrate), an intermediate filament protein, results 

in increased sprouting of endothelial cells upon the formation of new blood vessels 

(255). Calpain has also been shown to cleave the alpha-amino-3-hydroxy-5-

methylisoxazole-4-propionate (AMPA) receptor (group 2 substrate), an important 

transmembrane glutamate receptor, resulting in dampened neuronal excitability in 

ischemia and epilepsy (256). With respect to group 3 substrates, calpain cleaves 

calcium/calmodulin-dependent (CAM) protein kinase II to a smaller fragment that 

is still active in the absence of calmodulin (257). Finally, calpain can cleave the 

transcription factor USF (group 4 substrate), resulting in the inability of USF to 

activate transcription (258). Beyond the four general categories of substrates, 

calpain can cleave other proteins including enzymes such as the calmodulin-

dependent cyclic nucleotide phosphodiesterase, abolishing its dependence on 

calmodulin (259). Although the majority of calpain functions take place inside the 

cell, calpain can also be secreted into the extracellular environment. One example 

would be the release of calpain from activated human lymphoid cells, which leads 

to the degradation of myelin (260). 
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 Amongst all known calpain substrates, calcineurin phosphatase is perhaps 

the best characterized downstream effector of calpain. Calcineurin, otherwise 

known as protein phosphatase 3 (PPP3) or protein phosphatase 2B (PP2B), is a 

Ca2+/calmodulin-dependent serine/threonine phosphatase, comprised of two 

subunits: the catalytic subunit calcineurin A (CNA) and a regulatory subunit 

calcineurin B (CNB) (261,262). Although calcineurin is involved in various signaling 

pathways, it is best known for its role in the regulation of the immune response, 

particularly in T-cell activation. Calcineurin, when activated, dephosphorylates the 

NFAT transcription factor at multiple serine residues (263,264). Dephosphorylation 

of NFAT by calcineurin results in the nuclear translocation of this transcription 

factor, allowing it to bind DNA and activate the transcription of genes involved in 

the activation of T-cells (265,266). As a result, inhibitors of calcineurin such as 

cyclosporin A (CsA) and FK506 (Tacrolimus) are routinely used in the clinic as 

immunomodulatory agents (266-269). 

 Binding of calcineurin to calcium leads to a change in conformation of the 

former, exposing the calmodulin binding domain in the CNA subunit (270,271). In 

turn, binding of calmodulin to CNA results in the displacement of the autoinhibitory 

domain from the catalytic subunit and thus the activation of calcineurin (264,272). 

Calcineurin activity is controlled by a family of Regulator of Calcineurin (RCAN) 

proteins, which can either promote or inhibit calcineurin phosphatase activity (273-

276). Subcellular localization is another regulatory mechanism for calcineurin 

activity. In resting cells, calcineurin remains chiefly in the cytoplasm (277,278). 

Upon activation, calcineurin can translocate into the nucleus and dephosphorylate 
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its targets (279). In the context of GBM, we have previously shown that calcineurin 

is primarily located in the cytoplasm of NFI-hyperphosphorylated cells. Upon 

treating these cells with ionomycin A, a calcium ionophore, calcineurin is activated 

and translocates into the nucleus where it dephosphorylates NFI.  

Calpain has been shown to cleave CNA (~60 kDa) at three locations, with 

cleavage at amino acids 501, 424 and 392 resulting in 57 kDa, 48 kDa and 45 kDa 

fragments, respectively (Figure 1.10). The 57 kDa form of CNA, detected in 

Alzheimer Disease brains, still retains the C-terminal auto-inhibitory domain but is 

more active than the full-length form of CNA (280). The 48 kDa form of CNA, 

detected in hypertrophic myocardium, no longer contains the autoinhibitory domain 

and thus is a constitutively active fragment (278,281). Similarly, the 45 kDa, 

detected in excitotoxic neurodegeneration, is constitutively active due to absence 

of the autoinhibitory domain (282). Importantly, both the 45 kDa and 48 kDa forms 

of CNA also lose the nuclear export signal located adjacent to the autoinhibitory 

domain and thus predominantly localize to the nucleus (281). These findings 

suggest that calpain-mediated proteolysis of calcineurin plays an important role in 

the regulation of calcineurin activity and subcellular localization, particularly in 

pathological conditions. 

 

1.3.5 Regulation of calpain proteolytic activity 

 Although calpain activity is essential for a wide range of physiological 

processes, hyperactivation of calpain may have lethal consequences on the cell. 

For example, it has been suggested that all Z-disks, marking the boundaries of    
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Figure 1.10. Calpain-mediated proteolysis of calcineurin catalytic subunit  

Calpain 1 cleaves calcineurin at three distinct sites, generating three truncated 

forms ranging from 45 to 57 kDa. The 45 and 48-kDa isoforms no longer contain 

the NES, which prevents them from being exported from the nucleus. NLS, nuclear 

localizing signal; CNB, calcineurin regulatory subunit, NES, nuclear export signal. 

Reproduced from Brun and Godbout (283) with permission from Translational 

Cancer Research.  
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adjacent sarcomeres in a myofibril, would be proteolytically degraded within 5 min 

if all calpain in that myofibril was active (196). Consequently, the majority of calpain 

molecules remain inactive in resting cells. Calpain activation occurs only if required 

and must be tightly controlled by a variety of mechanisms to ensure optimal 

operation of the cell.   

 Calpain is a calcium-dependent protease and thus calcium influx is required 

for its activation. However, it has long been realized that the amount of calcium 

required for half-maximal activity of calpain 1 (3-50 μM) and calpain 2 (400-800 

μM) greatly exceed the physiological range of calcium concentration (50-300 nM) 

in most cells (196,284). Shortly after their successful purification, both the large 

and the small subunits of calpain were reported to undergo autoproteolysis, 

hereafter abbreviated as autolysis, in the presence of calcium in vitro (285,286). 

Autolyzed calpains require significantly lower calcium concentrations to reach half-

maximal proteolytic activity compared to non-autolyzed forms of calpain: 0.5-2 μM 

for autolyzed calpain 1 and 50-150 μM for autolyzed calpain 2 (287). This discovery 

raised the question of whether full-length calpain, similar to other cysteine 

proteases, is synthesized as a proenzyme and subsequently activated by 

autolysis. Many in vitro kinetic and mutagenesis studies, however, have 

demonstrated that even though autolysis precedes proteolytic activity of calpain 

(288-290), full-length calpains are still active proteases (291-293). Therefore, the 

physiological significance of autolysis in the regulation of calpain activity remains 

obscure. Nevertheless, we know the following facts about  calpain autolysis: (i) the 

in vitro calcium concentrations required for calpain autolysis is slightly lower than 
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that needed for calpain activation (288,294), (ii) autolysis occurs concomitant with 

in vivo activation of calpain activity, preceding calpain-mediated proteolysis of 

downstream targets (295-298), and (iii) autolyzed calpain reaches half-maximal 

activity faster than full-length calpain, but is more prone to degradation or 

aggregation than full-length calpain (299). Consequently, whether full-length 

calpain is proteolytically active or not is of little physiological relevance and 

autolysis has therefore been used as a marker for the initiation of calpain 

proteolytic activity.  

Based on the calcium requirements for non-autolyzed and autolyzed 

calpains, it appears that only autolyzed calpain 1 can achieve meaningful levels of 

proteolytical activity under physiological calcium concentrations of 50-300 nM. It is 

therefore evident that the cell must have other ways of lowering the calcium 

concentrations required for calpain activation. To this end, binding of calpain to 

phospholipids, especially phosphatidylinositol (PI), has been shown to lower the in 

vitro calcium requirements for calpain autolysis by ~8-fold (300). Phospholipids are 

found in cell membranes, including the plasma and ER membranes, where calcium 

channels are also located. As a result, binding of calpains to biological membranes 

may expose calpains to transient calcium flux that may reach the micromolar levels 

required for full activation of calpain. In addition, various proteins are able to reduce 

the calcium concentrations required for calpain activation. For example, in human 

neutrophils or rat skeletal muscles, a ~40 kDa heat-stable polypeptide can lower 

the calcium requirements for calpain 2 half-maximal activity (301,302). Similarly, a 

~15 kDa monomeric protein, which functions as a ~30 kDa homodimer, reduces 
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the calcium concentrations needed for half-maximal activity of calpain 1 in multiple 

cell types (303). Interestingly, endogenous calpain activators have failed to gain 

much attention to date, with little known about these proteins including their 

identity. This is likely due to the fact that most calpain-related diseases result from 

pathological activation of calpain, rather than absence or inhibition of calpain 

activity.  

Besides being regulated by other macromolecules, post-translational 

modifications of calpain, including but not limited to phosphorylation, also play a 

role in the regulation of calpain activity. Using phospho-specific antibodies in 

combination with mass spectrometry, calpain 1 was found to be phosphorylated at 

nine residues and calpain 2 at eight residues, with most of these sites located on 

the large subunit of both calpains (196). EGF-induced phosphorylation of calpain 

2 at serine 50 by extracellular signal-regulated kinase (ERK) activates calpain both 

in vitro and in vivo (304,305). Also, Protein Kinase A (PKA)-mediated 

phosphorylation of calpain 2 prevents its binding to PI at the plasma membrane 

and ‘freezes’ calpain 2 in an inactive state (306,307). These findings indicate that 

phosphorylation of calpain affects not only its proteolytic activity but also its 

subcellular distribution and substrate specificity. Calpain activity is also regulated 

by the small subunit that is shared by both calpains 1 and 2. This subunit has been 

shown to have chaperone activity required for the proper folding of the large 

subunit (308). It has also been reported that the large and small subunits of calpain 

can dissociate upon autolysis (299). The dissociated large subunits, however, 
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quickly aggregate and become inactive, suggesting that the small subunit is 

essential for maintenance of calpain proteolytic activity (299). 

It is important to note that the intricate network of regulatory mechanisms 

described so far constitutes only a part of the control that a cell may exert on 

calpain. As described in Section 1.4, there is an entire family of proteins dedicated 

to the control of calpain activity. 

 

1.4 Calpastatin: Endogenous inhibitor of calpain 

1.4.1 The calpastatin family 

 During the purification of calpain from porcine skeletal muscle, it was noted 

that calpain remained inactive in the crude extract until it was precipitated at pH 

6.2 (186). Further examination of the supernatant revealed that the inhibition of 

calpain was mediated by a heat-stable (up to 100oC) and trypsin-labile factor (186). 

Although the exact identity of this factor was unknown at the time, the name 

“calpastatin” was first proposed in 1979 to describe its calpain inhibiting function 

(309). It was not until 1982 that calpastatin was successfully purified from human 

erythrocytes as a 70 kDa protein (310). Initial attempts to purify calpastatin 

produced highly variable results, with polypeptides ranging from 34 to 300 kDa 

reported: 107 kDa in human liver (311), 145 kDa in bovine heart (312), 50 kDa in 

rabbit skeletal muscle (313), 172 kDa in porcine skeletal muscle (314), 115 kDa in 

bovine cardiac muscle (315), and 125 kDa in bovine brain (316). A number of 

reasons were proposed to explain these variations in molecular mass.  



47 
  

First, calpastatin is highly prone to proteolytic degradation (312,315). The 

use of harsh extraction conditions, often including heating in earlier studies, likely 

led to degradation of calpastatin. Second, circular dichroism and nuclear magnetic 

resonance revealed that the calpastatin polypeptide assumes virtually complete 

coil formation in solution (317,318). As a result, analysis of calpastatin using size 

exclusion chromatography, which significantly overestimates the size of molecules 

with coiled formation, generated the high molecular weights associated with certain 

calpastatin polypeptides. Third, calpastatin has been reported to migrate 

anomalously in SDS-PAGE gels, making it difficult to reconcile calpastatin size 

based on denaturing gel electrophoresis (319,320). For example, the previously 

mentioned 70 kDa calpastatin identified by SDS-PAGE in human erythrocytes 

actually has a molecular weight of 46 kDa (310). However, the diversity of the 

calpastatin family is largely an inherent product of its complex transcriptional 

regulation. 

 There is only one calpastatin gene, named CAST, in each mammalian 

species examined so far (196). In human, the CAST gene is located on 

chromosome 5 (321). The use of alternative promoters in combination with 

alternative splicing results in a large family of CAST transcripts and calpastatin 

isoforms. Currently, >44 transcript variants of CAST (Ensembl database, gene ID: 

ENSG00000153113) and 21 calpastatin isoforms (NCBI database, gene ID: 831) 

have been reported in humans. However, the bulk of calpastatin studies has been 

performed in species other than human. Both murine and bovine CAST genes 

have 5 exons (1xa, 1xb, 1y, 1z and 1u) upstream of exon 2, with three alternative 
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promoters located upstream of exons 1xa, 1xb and 1u (322-325). In addition, 

another alternative promoter upstream of exon 15 directs the expression of a much 

shorter CAST transcript variant (326). Not counting alternatively spliced variants, 

CAST transcripts can be classified into four general types, which correspondingly 

encode four different types of calpastatin isoforms (Figure 1.11). Murine type I and 

II variants, the homologs of which have not been directly identified in human, start 

with exons 1xa and 1xb, respectively (323,325). Type III CAST variants, starting 

at exon 1u, have been found in all mammalian species examined to date (320,322-

325,327). Type IV variants, starting from the alternative exon 14t, were first 

identified in human testis and are expressed in this tissue alone (326). It is currently 

unclear if the alternative promoters previously identified in bovine and murine 

CAST genes are present in human 

At the protein level, the longest calpastatin isoforms (encoded by type I and 

II variants) are comprised of 4 calpain inhibitory repeats (domain I-IV) and 2 N-

terminal extensions (domain XL and L). These two isoforms differ in the aa 

sequence of the XL domain (Figure 1.11) (320). The prototypical calpastatin 

(encoded by type III variants) lacks the XL domain, whereas the testis-specific 

isoform (encoded by type IV variants) only contains domain II to IV (310,326). 

Variants of each type are further subjected to alternative splicing and thus can 

produce different calpastatin isoforms with distinct migrating rates in SDS-PAGE 

gels. For example, type III CAST variants have been shown to undergo alternative 

splicing resulting in exon 3 and/or exon 6 being removed from the coding sequence 

(328,329). This exon skipping results in different calpastatin isoforms that migrate 
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at a faster rate (110-125 kDa) in SDS-PAGE gels compared to the typical type III 

calpastatin isoform (135 kDa) (Figure 1.11). Also, a single tissue often expresses 

more than one type of CAST variants and thus calpastatin isoforms, resulting in 

further complications when interpreting data obtained from calpastatins isolated 

from tissues (330). As a result, the physiological significance of different 

calpastatin isoforms remains a mystery. 

 

1.4.2 Calpastatin-mediated inhibition of calpain 

 In contradiction to the diverse expression profiles of CAST transcripts 

variants and calpastatin isoform, intact calpastatin appears to have only one known 

function: to regulate calpain. Reflecting its highly specific role, the amino acid 

sequence of calpastatin is unique and shares no homology with any known 

polypeptides, including that of cystatins, inhibitors of many cysteine proteases 

other than calpains (331). Furthermore, calpastatin does not inhibit any other 

proteases tested to date, including cysteine proteases (cathepsin B, ficin, papain 

and bromelin) and non-cysteine proteases (chymotrypsin, thermolysin, thrombin, 

trypsin, pepsin, plasmin and cathepsin D) (331). Although each of the four 

inhibitory domains of calpastatin can bind and inhibit one calpain 1 or calpain 2 

molecule, they do so with different efficacy: domain II < domain III < domain IV < 

domain I, ranging from the least to the most effective domain (332). Different 

affinities of calpastatin inhibitory domains for specific calpains have also been 

reported; however, results are inconsistent, with some studies suggesting that 

calpain 2 is more efficiently inhibited by calpastatin compared to calpain 1 while  
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Figure 1.11. Four types of murine CAST transcript variants and their corresponding calpastatin isoforms 

Domain I-IV: calpain inhibitory domains. Adapted from Goll et al. (196) with permission from Physiological Reviews



51 
  

others indicate the opposite (333-335). Each of the four domains (I-IV) can be 

further divided into three subdomains: A, B and C. Function-structure analysis has 

revealed that a highly conserved 12-aa motif in domain B is essential for calpain 

inhibition, with mutation in just two amino acids resulting in a near total loss of 

calpain inhibitory activity of calpastatin (336,337). An intact calpastatin molecule, 

containing all four calpain inhibitory repeats, is a potent inhibitor of calpain, with a 

dissociation constant (Kd) of <3 nM (331). 

 It has long been known that binding of calpastatin to calpain is dependent 

on calcium (338). This interaction is reversible, with recovery of proteolytically 

active calpain observed upon addition of calcium chelators (339). The calcium 

concentration needed for calpastatin and calpain binding is below that required for 

calpain to reach half-maximal activity. As a result, calpastatin is able to inhibit 

calpain upon calcium influx before calpain can become activated  (315). Both full-

length and autolyzed forms of calpains bind calpastatin at lower calcium 

concentrations than those required for their half-maximal activity (340). As 

calpastatin does not appear to bind calcium, the dependency of the calpain-

calpastatin interaction on calcium is thought to be specific to calpain (196). 

Subsequent studies have shown that subdomain A of calpastatin interacts with 

domain IV of the large subunit of calpain (Kd of 3.1 nM) and that subdomain C of 

calpastatin binds to domain VI of the small subunit of calpain (Kd of 31 nM), with 

both of these interactions dependent on calcium (341,342). Binding of subdomain 

B to the region close to the active site of calpain has also been assumed to be 

dependent on calcium although this assumption is not supported by empirical 
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evidence (196,337). Interestingly, subdomain A or subdomain C alone does not 

have any inhibitory activity and is unable to prevent calpain autolysis but can block 

the binding of calpain to cell membranes (341-343). In contrast, subdomain B by 

itself cannot block the interaction between calpain and cell membranes, but is able 

to reduce calpain autolysis (343). These findings suggest that different 

subdomains of the inhibitory repeat of calpastatin are used to control specific 

aspects of calpain activity, including calpain activation and subcellular distribution.  

It is important to note that most if not all studies on calpain/calpastatin 

interaction have been carried out using either calpain 1 or calpain 2. Thus, the role 

of calpastatin in regulating other members of the calpain family, specifically 

unconventional calpains, is currently unclear. Given that: (i) calpastatin is such a 

potent inhibitor of calpain, (ii) binding of calpastatin to calpain occurs at a lower 

calcium concentration than that required for calpain activity, and (iii) calpain and 

calpastatin are almost always co-expressed in any given cell, there must be ways 

for the cell to induce the disassociation between calpain and calpastatin to allow 

initiation of calpain proteolytic activity. In fact, the regulation of calpastatin activity 

may be as important for calpain-mediated proteolysis as the regulation of the 

protease itself; however, little is known about the molecular mechanisms 

underlying the regulation of calpastatin. 

 

1.4.3 Regulation of calpastatin 

 So far, the functions of calpastatin domain XL and domain L have not been 

discussed as they are not well understood. However, they do not possess any 

inhibitory capacity towards either calpain 1 or calpain 2 (334). Research carried 
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out over the last few decades has pointed to roles for these two domains in the 

regulation of calpastatin activity, and by extension, calpain activity. The XL domain 

of bovine full-length calpastatin (encoded by type II CAST variants) contains three 

PKA phosphorylation sites (325). In vivo phosphorylation of calpastatin by PKA 

results in an increase in the amount of membrane-related calpastatin, from 6% to 

30% (344). Furthermore, immunofluorescence analysis shows that calpain and 

calpastatin often co-localize in the cytoplasm of resting cells (345). However, upon 

calcium influx resulting from treatment of cells with a calcium ionophore, calpain 

translocates to the plasma membrane. In contrast, calpastatin remains in the 

cytoplasm (345,346). Given that calpain can localize to the membrane fraction of 

the cell through its interaction with phospholipids (300), these findings suggest that 

PKA-mediated phosphorylation of domain XL may be a mechanism by which the 

cell can target calpastatin to or away from membrane-localized calpain, resulting 

in the suppression or activation of calpain, respectively. 

 Compared to our limited understanding of domain XL’s significance, 

functions of domain L are better characterized. Domain L is where the majority of 

known CAST alternative splicing events occur (Figure 1.11). Of 7 exons encoding 

the L domain, splicing events at 4 different exons have been reported including 

exons 3, 4, 5 and 6 (196). The physiological significance of splicing of exons 3 and 

6 has been addressed in a number of studies. Expression of exon 3, or lack 

thereof, appears to have a significant impact on tissue-specific expression of 

calpastatin. In the porcine model, both exon 3-containing and exon 3-deleted 

CAST transcripts are found in the heart; however, only exon 3-spliced transcripts 
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are expressed in skeletal muscle (347). Although its function is unclear, exon 3 

encodes the most basic stretch of amino acids in domain L (324). Consequently, 

it has been proposed that this exon is responsible for the targeting of calpastatin 

to cell membranes. In erythrocytes, a free domain L fragment lacking exon 3-

encoded amino acids prevents the autolysis of calpain (348). More importantly, the 

interaction between calpain and this exon 3-less domain L occurs in the absence 

of calcium, indicating that calpastatin can bind calpain in its inactive state (348). 

The region of domain L encoded by exons 4-7 was subsequently shown to be 

responsible for calcium-independent interaction between calpain and calpastatin, 

which can be disrupted by PKC-mediated phosphorylation of domain L (349). 

These findings suggest that calpastatin may not only inhibit the proteolytic activity 

of active calpain but also prevent calpain autolysis and activation. 

Exon 6 of domain L has been directly implicated in the regulation of 

calpastatin intracellular distribution. The amino acid sequence encoded by exon 6 

contains multiple phosphorylation sites that are required for the reversible 

localization of calpastatin from cytosolic soluble fraction to aggregated clusters, 

with the latter condition reducing the availability of calpastatin to bind calpains 

(350). Treating cells with cAMP results in the near total aggregation of calpastatin, 

preventing its translocation to the plasma membrane where calpain is localized 

(350). Consequently, calpain is free to undergo activation, leading to a 2 to 3-fold 

increase in the degradation of calpain downstream effectors such as talin (350). 

Although the kinase responsible for the phosphorylation of exon 6-encoded 

sequences has not been identified, PKA-mediated phosphorylation of domain L-
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containing calpastatin reproduces the aggregation phenotype (351). Together, 

these findings provide insight into one of the few well-defined molecular 

mechanisms underlying the regulation of calpastatin subcellular distribution and 

activity. Finally, domain L has also been shown to bind to several types of calcium 

channels in a variety of cell types (352,353). However, the significance of these 

observations is unknown. 

 

1.5 Research Objectives 

Hypothesis: In GBM cells, NFI cross-signals with calpain through 

calpastatin and calcineurin. 
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1.5.1 Chapter 2 

 My first objective was to confirm the regulation of CAST by NFI in MG cell 

lines. In this paper, we presented a complex NFI-mediated mechanism for 

regulation of CAST in MG cells. We identified two NFI binding sites located in 

human CAST intron 3, approximately 4 kb upstream of exon 4 that drive 

expression of a CAST transcript variant that excludes the XL domain of calpastatin. 

Our results indicate that NFIs control the subcellular localization of calpastatin in 

MG cells through usage of the newly identified alternative CAST promoter. Binding 

of hypophosphorylated NFI to CAST intron 3 results in increased utilization of the 

alternative promoter and a higher ratio of class 2 (encoding for XL-less calpastatin 

isoforms) to class 1 (encoding for full-length calpastatin) CAST variants. Depletion 

of NFIs in NFI-hypophosphorylated MG cells results in accumulation of calpastatin 

at the plasma membrane. Since calpastatin directly binds and inhibits calpain, 

regulation of CAST variant expression by NFI with accompanying alterations in 

calpastatin subcellular localization may ultimately control calpain activity. Along 

with the previous findings indicating that NFI activity is regulated by calcineurin, 

these results provide a foundation for further investigations into the possibility of 

regulatory crosstalk between NFI and the CAST/calpain/calcineurin signaling 

pathway in MG cells. 

 

1.5.2 Chapter 3 

 Having elucidated the regulation of CAST by NFI, my second objective was 

to unravel the crosstalk between NFI and calpain in MG cells. In this manuscript, 

we demonstrated a positive feedback loop between NFIB and calpain 1 mediated 
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by calpastatin and calcineurin. We identified two mechanisms by which NFIB can 

increase calpain 1 activity: (i) hyperphosphorylated NFIB causes a decrease in 

calpastatin concentration across the cytoplasm so that it cannot effectively inhibit 

calpain 1 autolysis and activation and (ii) hypophosphorylated NFIB induces 

differential compartmentalization of calpastatin (cytoplasm) and active calpain 1 

(nuclear). In turn, calpain 1, via calcineurin, promotes NFIB dephosphorylation, a 

process that is accompanied by a more accessible subnuclear localization and has 

been shown by others to increase NFIB activity. We also showed that the NFIB-

calpain 1 positive feedback loop acts mainly to suppress cell migration while 

having little to no effect on MG cell viability. Inhibition of calpain activity using a 

pan-specific calpain inhibitor resulted in decreased MG cell survival based on a 

colony formation assay. Our findings support the potential use of calpain inhibitors 

in GBM treatment. However, pan-specific calpain antagonists in GBM would have 

to undergo extensive pre-clinical studies to address their potential side effects in 

promoting tumour cell migration. 

 

1.5.3 Chapter 4 

Besides a NFIB-calpain 1 positive feedback loop, we also observed 

crosstalk between NFIA and calpain 2 in MG cells. NFIA knockdown resulted in 

loss of autolyzed calpain 2 in the nucleus in both U87 and U251 MG cells. We 

found that while NFIA negatively regulates CAST, it does not directly regulate the 

calpain 2 gene. Immunofluorescence analysis using anti-calpain 2 and anti-

calcineurin antibodies confirmed the loss of nuclear calpain 2 upon NFIA 
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knockdown and also revealed the loss of nuclear calcineurin upon NFIA depletion 

in both U87 and U251 MG cell lines. NFIA depletion also led to reduced calpain 

activity but, unlike NFIB depletion, did not induce noticeable changes in calpastatin 

subcellular localization. Together, these results suggest that NFIA, regardless of 

its phosphorylation state, promotes calpain 2 activity via one mechanism: the 

negative regulation of CAST expression. In addition, we found that depletion of 

calpain 2 in U251 cells results in the loss of nuclear calcineurin and decreased 

expression of brain fatty acid binding protein (FABP7), a known target of NFI, 

suggesting that calpain 2 may enhance NFI transcriptional activity. Knocking down 

NFIA and/or calpain 2 decreased GBM cell survival and cell migration, indicating 

the oncogenic nature of this crosstalk. Due to our inability to find a NFIA-specific 

antibody, we were unable to examine the effect of calpain 2 depletion on NFIA 

phosphorylation and subcellular localization. 
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CHAPTER 2: EFFECTS OF NUCLEAR FACTOR I PHOSPHORYLATION ON 

CALPASTATIN (CAST) GENE VARIANT EXPRESSION AND SUBCELLULAR 

DISTRIBUTION IN MALIGNANT GLIOMA CELLS  
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2.1 Introduction 

 Malignant glioma (MG), encompassing WHO grade III (anaplastic 

astrocytoma) and IV (glioblastoma) astrocytomas, is the most common and deadly 

form of adult primary brain tumors (57). Despite aggressive treatment by surgical 

resection, radiation therapy and adjuvant chemotherapy, patient prognosis 

remains dismal, with a median survival time of less than 5 years for anaplastic 

astrocytoma and 15 months for glioblastoma (30,55). Tumor recurrence and 

inevitable treatment failure are, at least in part, due to the highly infiltrative nature 

of MG cells (354,355). Post-mortem examination often reveals the dissemination 

of tumor cells into normal brain parenchyma, frequently found distal from the 

original tumor mass and at early stages of the disease (356). Early infiltration of 

tumor cells, together with the inherent resistance of MG cells to cytotoxic drugs 

and radiation therapy, severely limit the efficacy of conventional focal and systemic 

treatments (357-359). While targeting infiltrative MG cells would likely be of clinical 

benefit, molecular mechanisms underlying MG cell migration and infiltration remain 

poorly characterized. 

Our laboratory has previously shown that the expression of brain fatty acid-

binding protein (FABP7, B-FABP) is associated with increased MG cell migration 

in vitro (182). FABP7 is found at sites of infiltration in glioblastoma tumors, with 

elevated levels of FABP7 correlating with decreased survival in glioblastoma 

patients (184,360,361). FABP7 expression is regulated by Nuclear Factor I (NFI), 

a family of four transcription factors (NFIA, NFIB, NFIC and NFIX) (163,362). NFIs 

bind to the consensus recognition sequence: 5’-TTGGCN(3-6)GCCAA-3’ as either 
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homodimers or heterodimers through their highly-conserved N-terminal DNA-

binding domains (114,363). NFIs can also interact with half of the consensus 

palindrome sequence, albeit at reduced affinity (97). The variable C-terminal 

transactivation domain of NFI can either inhibit or activate its target genes 

depending on tissue and promoter context (117), with different NFIs able to elicit 

distinct effects on the same promoter (362). In addition to FABP7, a neural 

progenitor/stem cell marker, NFI regulates genes involved in glial cell 

differentiation, such as the glial fibrillary acidic protein (GFAP) gene (117,362,364).  

NFI is differentially phosphorylated in MG cells, with the 

hypophosphorylated form of NFI correlating with FABP7 and GFAP expression 

(163). Dephosphorylation of NFI is mediated by calcineurin, a calcium-dependent 

serine/threonine phosphatase (164). Calcineurin, in turn, is cleaved and activated 

by calpain, a family of calcium-dependent non-lysosomal cysteine proteases 

(282,365). The best characterized mechanism for controlling calpain activity is 

through its endogenous inhibitor, calpastatin, which is encoded by a single gene, 

CAST (366). Calpastatin has a complex expression profile, both at the RNA and 

protein levels, a consequence of multiple promoters and alternative splicing 

(324,325,327). Based on sequence and structure analyses, full-length murine and 

bovine calpastatins have four repetitive calpain inhibitory domains (I to IV) with 

each domain able to bind to one calpain molecule (319). The function(s) of two 

extension regions at the N-terminus of the calpastatin polypeptide, domains XL 

(encoded by different combinations of exons 1xa, 1xb, 1y, and 1z) and L (encoded 

by exons 2-8), remain poorly understood (322,325). Four different types of 
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calpastatin have been identified to date based on which domains they contain 

(323). Three major CAST RNA variants have been identified by northern blot 

analysis in bovine heart, including two that encode XL-containing and XL-less 

calpastatin isoforms (325).  

Direct binding is required for calpastatin inhibition of calpain activity, with 

sequestration of calpastatin away from calpain postulated to control local calpain 

activity (367). Similar to calpain, calpastatin is often found at the plasma membrane 

and surrounding the nucleus (196). Aggregation of calpastatin in the perinuclear 

region may serve as a mechanism through which calpain can escape calpastatin 

inhibition in other compartments of the cell (351). In contrast, calpastatin 

localization at the plasma membrane is believed to inhibit calpain activity through 

direct binding of calpastatin to calpain. As many known targets of calpain involved 

in cell migration are found at the plasma membrane, a consequence of calpastatin 

localization to the plasma membrane may be decreased cell migration (368). While 

nuclear localization of calpastatin has also been described, its significance remains 

unclear (345).  

Chromatin immunoprecipitation-on-chip (ChIP-on-chip) experiments to 

identify targets of NFI in MG cells revealed CAST as a putative NFI target gene. 

Our data indicate that NFI binds to an alternative promoter located upstream of 

CAST exon 4 and affects the relative levels of CAST variants transcribed from the 

canonical versus alternative promoters. We show that binding of 

hypophosphorylated NFI to CAST intron 3 results in: (i) increased transcriptional 

activity of CAST alternative promoter, (ii) a higher ratio of XL-less to XL-containing 
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CAST transcript variants, (iii) loss of calpastatin at the plasma membrane and (iv) 

accumulation of calpastatin in the perinuclear region. These findings suggest a key 

role for NFI in the transcriptional regulation of different CAST variants, with 

accompanying effects on the subcellular distribution of calpastatin. 

 

2.2 Results 

2.2.1 In vitro occupancy of putative CAST NFI binding sites 

All four NFIs are expressed in cells of glial origin as well as glioblastoma 

cells, with a number of NFI targets identified in these glial-like cell types 

(117,163,362). An antibody that recognizes all four NFIs was used to identify 

additional NFI targets in MG cells (369). Analysis of ChIP-on-chip data obtained 

with this pan-specific NFI antibody and FABP7/GFAP-expressing U251 MG cells 

resulted in the identification of CAST as a putative target of NFI (369). Sequence 

analysis of DNA bound by NFI revealed three putative NFI recognition sites located 

within the intronic region upstream of exon 4: C1 (-3928 to -3915 bp), C2 (-3663 

to -3628 bp), and C3 (-3469 to -3453 bp) with +1 defined as the first nucleotide of 

exon 4 (Figure 2.1A & B). To verify protein binding to these 3 putative NFI 

recognition sites, we performed gel shift assays with nuclear extracts prepared 

from U87 and U251 MG cells. C1, C2, and C3 double-stranded oligonucleotides 

radiolabeled with [α-32P]dCTP were incubated with (+) or without (-) nuclear 

extracts and separated on native polyacrylamide gels. Although protein-DNA 

complexes were detected with all three probes, the shifted bands observed with 

C1 were considerably weaker than those observed with C2 and C3 probes (see 
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Figure 2.2A for U87 results). Weak binding to C1 is likely due to poor conservation 

of the first palindromic half of the NFI consensus sequence, with one of the two 

conserved guanine residues missing from this site (Figure 2.1Figure 2B). We 

therefore focused on the C2 and C3 NFI recognition sites in subsequent 

experiments. 

Protein binding to the C2 and C3 oligonucleotides was examined using 

nuclear extracts prepared from both NFI-hyperphosphorylated U87 and NFI-

hypophosphorylated U251 MG cells (163,362). These cell lines express all four 

NFIs, with similar amounts of NFIA RNA and higher levels of NFIB, NFIC and NFIX 

RNA in U251 compared to U87 MG cells (Figure 2.9A) (362). Similar overall levels 

of NFI protein are observed in U87 and U251 MG cells using a pan-specific 

antibody (362) 

As previously observed for the FABP7 promoter (163,362), protein–DNA 

complexes are formed using both U87 and U251 nuclear extracts. U87 protein-

DNA complexes migrate more slowly than those in U251, in keeping with the 

hyperphosphorylated state of NFIs in U87 MG cells Figure 2.2B) (362). A 100X 

molar excess of either cold C2 or C3 oligonucleotide competitor effectively 

prevented binding of proteins to the C2 probe in both U251 and U87 MG cells. 

Similar results were obtained with the C3 probe, except that the lower band was 

competed out with excess C3, but not excess C2, oligonucleotides. Excess 

mutated C2* oligonucleotides (mutated at two conserved G residues in the first 

half of the palindrome - Figure 2.2C) competed to some extent with the 

radiolabeled C2 probe, resulting in a reduced signal compared to cold C2 (wild-
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type) competitor (Figure 2.2B). Excess mutated C3* oligonucleotides (mutated at 

two conserved G residues in the first half of the palindrome and two C residues in 

the second half of the palindrome - Figure 2.1C) failed to compete with the C3 

probe (Figure 2.2B). As expected, oligonucleotides containing a consensus NFI 

binding site effectively competed with the C2 and C3 probes for protein binding, 

but oligonucleotides containing a consensus AP2 binding site did not compete with 

either probe. These data indicate that: (i) an intact NFI consensus binding site is 

required for protein binding to C2 and C3 probes and (ii) the lower C3-protein 

complex (indicated by the asterisk), while specific to the C3 oligonucleotide, does 

not involve NFI binding. 

 

 

2.2.2 In vitro binding of NFI to C2 and C3 oligonucleotides 

To investigate whether NFI is a component of the C2 or C3 oligonucleotide-

protein complexes observed in Figure 2.2, we carried out supershift assays using 

antibodies targeting each of the four NFIs. As there are no reliable sources for 

some of the NFI antibodies, we generated our own anti-NFI antibodies. These NFI 

antibodies showed moderate (anti-NFIA, -NFIB and -NFIC) to high specificity (anti-

NFIX) toward their intended targets (Figure 2.9B). Importantly, this panel of NFI 

antibodies did not cross-react with other members of the NFI family (Figure 2.9B). 

Supershifted bands were observed when anti-NFIC antibody was incubated with 

either the C2 or C3 probe in the presence of either U87 or U251 nuclear extracts, 

indicating that NFIC is present in both C2- and C3-protein complexes (Figure 
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2.3A). Weak supershifted bands were also observed with the anti-NFIX antibody. 

Although no supershifted band was detected in the presence of anti-NFIA 

antibody, there was a reduction in the intensity of the protein-DNA complex, 

suggesting interference with the binding of NFIA to the DNA probe in the presence 

of anti-NFIA antibody. Addition of anti-NFIB antibody to both U251 and U87 

nuclear extracts resulted in faster-migrating C2- and C3-protein complexes, 

suggesting that binding of NFIB to anti-NFIB antibody results in the dissociation of 

an NFIB co-factor. Supershift experiments with anti-AP2 antibody had no effect on 

the migration of either the C2-protein or C3-protein complexes. These results 

suggest that all four NFIs may bind to C2 and C3 oligonucleotides or interact with 

protein-C2 or -C3 complexes, in both U87 and U251 MG cells. To verify the binding 

of NFIs to C2 and C3 oligonucleotides, we transiently transfected U87 and U251 

MG cells with siRNA targeting NFIC and repeated the gel shift experiments. NFIC 

was chosen for this analysis as it produced the strongest supershifted band. 

Depletion of NFIC resulted in the loss (or reduction in signal intensity) of both the 

shifted and supershifted bands (Figure 2.10A), supporting the binding of NFIC to 

both C2 and C3 NFI binding sites located in CAST intron 3.  

As not all antibodies can supershift, we transiently transfected U87 and 

U251 MG cells with hemagglutinin (HA)-tagged NFI expression constructs and 

repeated the supershift assay with an anti-HA antibody. The latter antibody has 

previously been shown to supershift HA-tagged NFI proteins in gel shift assays 

(362). Western blot analysis of nuclear extracts prepared from cells transfected 

with each of the four HA-tagged NFI constructs revealed successful expression of 
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HA-tagged NFIs (Figure 2.3B). The presence of supershifted bands in extracts 

prepared from all four NFI transfectants indicates that C2 and C3 oligonucleotides 

are recognized by all four members of the NFI family in both U87 or U251 MG 

cells, at least when NFIs are ectopically expressed (Figure 2.3C). The migration 

patterns of the shifted complexes were similar in both U87 and U251 MG cells, 

suggesting that exogenous NFIs are not subjected to the same 

phosphorylation/dephosphorylation process as endogenous NFIs. 

 

 

2.2.3 Binding of NFI to CAST in intact chromatin 

 To explore the binding of NFI to CAST intron 3 in the context of native 

chromatin, we performed ChIP analysis using two NFI- hyperphosphorylated (U87 

and T98) and two NFI-hypophosphorylated (M049 and U251) MG cell lines (163). 

Cells were crosslinked with formaldehyde to capture DNA-protein interactions. 

NFI-bound DNA was then immunoprecipitated with an anti-NFI antibody (Tanese) 

that preferentially recognizes NFIC but also binds to the other NFIs (362). The 

rationale for using this antibody is that NFIC appears to be a major component of 

both the protein-C2 and protein-C3 complexes based on supershift (Figure 2.3C) 

and NFIC-knockdown experiments (Figure 2.10A). Rabbit IgG served as the 

negative control for these ChIP experiments. ChIP DNA was purified and PCR-

amplified with primers flanking C2 or C3 NFI recognition sites (Table 2.1). DNA 

bands were detected in all four cell lines using primers flanking C3; however, PCR 

products were only detected in T98 and U87 using primers flanking C2 (Figure 
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2.4A). The absence of DNA bands in the IgG control lanes combined with the 

absence of DNA bands using GAPDH primers in the NFI lanes, support specific 

interaction between the anti-NFI antibody and the C2 and C3 NFI binding sites.  

 For quantitative analysis of ChIP products, we performed qPCR on 

chromatin immunoprecipitated DNA using primers flanking C2 and C3 recognition 

sites (Table 2.1). Primers to the GAPDH promoter served as the negative control. 

In agreement with our qualitative analysis, binding to C3 oligonucleotides was 

observed in all four cell lines, whereas binding to C2 was only observed in T98 and 

U87 MG cell lines (Figure 2.10B). As both C2 and C3 reside in intron 3, our results 

suggest that NFI occupies an alternative promoter upstream of CAST exon 4, with 

NFI binding C3 regardless of its phosphorylation status. In contrast, C2 is only 

bound by hyperphosphorylated NFI based on both qualitative and quantitative 

ChIP data. 

 

 

2.2.4 Binding of RNA polymerase II to CAST canonical promoter and 

intron 3 region in intact chromatin 

 To assess the transcriptional states of the CAST canonical (CP) and 

putative alternative (ALT) promoters in U87 (NFI-hyperphosphorylated) versus 

U251 (NFI-hypophosphorylated) MG cells, we performed ChIP analysis with an 

antibody to RNA polymerase II (Pol II) that specifically recognizes a 

phosphorylated Ser 5 residue in its C-terminal domain repeats (YSPTSPS). This 

phosphorylated form of RNA Pol II occupies the proximal promoter regions of 

transcriptionally active genes (370). We used mouse IgG as a control for antibody 
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specificity. We also included two additional controls: a region of the active GAPDH 

proximal promoter that contains the TATA box bound by RNA Pol II (positive 

control) and an upstream region of the GAPDH promoter that is not bound by RNA 

Pol II (negative control). 

In U87 MG cells, RNA Pol II showed significantly increased occupancy at 

the canonical CAST promoter compared to the alternative CAST promoter in intron 

3. In U251 MG cells, RNA Pol II occupied both the canonical (primers flanking a 

proximal TATA box upstream of exon 1) and alternative (primers flanking a 

proximal TATA box upstream of exon 4) CAST promoters (Figure 2.4B; primers 

listed in Table 2.1). These results indicate that the alternative CAST promoter 

located in intron 3 is active primarily in NFI-hypophosphorylated U251 MG cells. 

Thus, our combined ChIP data suggest that engagement of hypophosphorylated 

NFI at C3 activates CAST intron 3 alternative promoter; whereas occupation of C2 

and C3 by hyperphosphorylated NFI inactivates CAST intron 3 alternative 

promoter. 

 

2.2.5 CAST variant expression in MG cells 

Our combined gel shift and ChIP data indicate that C2 and C3 are bona fide 

NFI binding sites. To address the possibility of an alternative CAST transcription 

start site downstream of these binding sites, we carried out 5’-RLM RACE using 

total RNA prepared from T98 (hyperphosphorylated NFI) and U251 

(hypophosphorylated NFI) MG cells. cDNAs underwent two rounds of PCR 

amplification using nested primer pairs designed to amplify transcripts initiating at 
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exon 1 (class 1 variants) or exon 4 (class 2 variants) (Table 2.1). Two main bands 

were identified in T98, a strong band at ~340 bp and a weak band at ~60 bp (Figure 

2.5A). The only clear band detected in U251 cells was ~60 bp. Based on DNA 

sequencing analysis, the 340 bp DNA fragment contains exons 1 to 4 sequences 

whereas the 60 bp band only has exon 4 sequences (Figure 2.5A). These results 

are consistent with the presence of two CAST promoters in MG cells, with the 

canonical promoter upstream of exon 1 directing the expression of the longer form 

of CAST found (class 1 variant), and the NFI-bound alternative promoter upstream 

of exon 4 directing the expression of the shorter form of CAST (class 2 variant) 

(Figure 2.5B). As ChIP data demonstrate RNA Pol II occupancy at both the 

canonical and alternative CAST promoters in U251 MG cells, the smear observed 

at ~350 bp (see square bracket in Figure 2.5A) may represent transcription start 

site stuttering in NFI-hypophosphorylated U251 cells. 

 

 

2.2.6 CAST promoter activity in MG cells  

 To further examine the utilization of the two promoters controlling the 

expression of class 1 and class 2 CAST variants, we transfected T98 and U251 

MG cells with pGL3 luciferase reporter gene constructs driven by either the 

canonical (CP) (-1990 to +50 with +1 indicating the start of exon 1) or alternative 

(ALT) promoter (-4026 to +20 with +1 indicating the start of exon 4). The empty 

(promoterless) pGL3 vector served as the negative control. We then assessed the 

activity of CAST canonical and alternative promoters by measuring luciferase 

activity. In T98 MG cells (hyperphosphorylated NFI), the canonical promoter 
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generated a 27-fold increase in luciferase activity compared to empty vector 

(Figure 2.5C). In comparison, luciferase activity driven by the NFI-bound 

alternative promoter was increased 4.3-fold relative to control levels. In contrast, 

luciferase activity was increased by 2.7-fold and 3.5-fold when U251 

(hypophosphorylated NFI) MG cells were transfected with vector containing the 

CAST canonical promoter and alternative promoter, respectively (Figure 2.5D). 

These results are generally consistent with our 5’-RLM RACE and ChIP data in 

that they demonstrate: (i) strong bias towards utilization of the CAST canonical 

promoter in NFI-hyperphosphorylated T98 cells and (ii) similar utilization of both 

canonical and alternative promoters in NFI-hypophosphorylated U251 MG cells.  

Next, we tested the effect of mutating the C2 and C3 NFI binding sites on 

luciferase activity. For these experiments, we generated luciferase reporter 

constructs with NFI binding site mutations at C2 (ALT-C2*), C3 (ALT-C3*), or both 

C2 and C3 (ALT-C2*C3*). In U251 MG cells, luciferase activity driven by the ALT-

C2* promoter was not statistically different from that of wild-type alternative 

promoter, in agreement with our ChIP results indicating that C2 is not bound by 

NFI in these cells (Figure 2.5E). Mutation of C3 resulted in lower luciferase activity 

(0.56-fold) compared to wildtype alternative promoter (p<0.0001), suggesting that 

C3 is required for NFI-mediated positive regulation of CAST alternative promoter 

activity. Mutating both the C2 and C3 sites resulted in a slight decrease (p<0.05) 

in luciferase activity compared to mutating C3 alone. These results are in 

agreement with C3 being the main effector of CAST alternative promoter activity 
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in NFI-hypophosphorylated U251 MG cells, in keeping with our ChIP data (Figure 

2.4). 

2.2.7 Expression of calpastatin isoforms in MG cells  

To understand how the regulation of CAST by NFI affects calpastatin 

protein, we examined expression of different calpastatin isoforms in NFI-hyper- 

(U87) and NFI-hypophosphorylated (U251) MG cells using a pan-specific anti-

calpastatin antibody. U87 MG cells primarily expressed the full-length calpastatin 

(indicated by the asterisk), which has been shown to migrate as a ~145 kDa band 

in SDS-PAGE (196). The full-length calpastatin is a translational product of class 

1 CAST variants, which in turn is directed by the canonical promoter. In contrast, 

U251 MG cells expressed both the full-length and XL-less isoform (indicated by 

the arrow), which has been shown to migrate as a ~135 kDa band (196). The 

absence of the latter in U87 MG cells suggests that the ~135 kDa band is a 

translational product of class 2 CAST variants which is directed by the alternative 

promoter. The ratio of the 145 kDa to 135 kDa bands is approximately 1:1 (Figure 

2.6A). In agreement with our previous observations, these results support: (i) 

preferential utilization of the CAST canonical promoter in NFI-

hyperphosphorylated MG cells, and (ii) utilization of both the CAST alternative and 

canonical promoters in MG cells with hypophosphorylated NFI. To test the 

specificity of the calpastatin antibody, we transfected U251 MG cells with siRNAs 

targeting different regions of CAST RNA (exon 4 or exon 16). Western blot analysis 

shows one strong band at ~140 kDa, along with several weaker bands, all of which 

disappear upon CAST siRNA transfection (Figure 2.6B). 
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2.2.8 Regulation of CAST by NFI 

We also examined how NFI regulates endogenous CAST mRNA levels by 

depleting U251 and U87 MG cells of specific NFIs using siRNAs to each of the four 

NFIs (Figure 2.6C). Endogenous CAST variant analysis was carried out using 

primers that span CAST exons 1 and 2 (E1-E2) to measure class 1 CAST variants, 

primers that target exons 4 and 5 (E4-E5) to measure levels of combined class 1 

and 2 CAST variants, and primers that target exons 16 and 18 (E16-E18) to 

measure levels of all calpastatin variants as this region encodes domain II (second 

inhibitory domain) of calpastatin which is commonly found in brain calpastatin 

isoforms (see Table 2.1 for primer sequences).  

There was no significant difference in levels of class 1 CAST transcripts 

upon knockdown of any of the NFIs in U87 MG cells (Figure 2.6D). Knockdown of 

either NFIB or NFIC in U87 MG cells significantly reduced the levels of combined 

class 1 and 2 CAST transcripts, to 0.55-fold (p<0.0001) or 0.73-fold (p<0.001) of 

control levels, respectively (Figure 2.6E). Depletion of NFIB, but not NFIA, NFIC 

or NFIX, reduced total CAST RNA levels in U87 MG cells to 0.61-fold (p<0.0001) 

of control levels (Figure 2.6F). These data indicate that NFIB may act as a positive 

regulator of class 2 CAST transcript levels in NFI-hyperphosphorylated U87 MG 

cells. However, the interpretation of these data is confounded by the following 

factors: (i) the complex expression profile of CAST RNAs, (ii) crosstalk between 

the different NFIs (e.g. knockdown of NFIB decreases NFIC levels) (Figure 2.6C), 

and (iii) the low levels of NFIB in U87 MG cells based on northern blot analysis 
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(14) and RT-qPCR (Figure 2.9A) 

Depletion of either NFIC or NFIX in NFI-hypophosphorylated U251 MG cells 

had no significant effect on levels of class 1 CAST transcripts (Figure 2.6G). 

However, NFIA- and NFIB-depleted cells showed a small increase in class 1 

transcripts, by 1.48 (p<0.05) and 1.22-fold (p<0.05), respectively. Depletion of 

NFIA, but not NFIB, NFIC and NFIX, in U251 MG cells significantly reduced levels 

of combined class 1 and 2 CAST transcripts (0.47-fold decrease compared to 

control; p<0.01) (Figure 2.6H). Knocking down either NFIC or NFIX was 

accompanied by increased levels of total (E16-E18-containing) CAST transcripts, 

by 1.34-fold (p<0.05) and 1.99-fold (p<0.05), respectively (Figure 2.6I). Overall, 

our data in U251 MG cells are consistent with all 4 NFIs playing some role in 

regulating the complement of CAST variants expressed in NFI-

hypophosphorylated MG cells. NFIA in particular appears to act as a weak 

negative regulator of class 1 CAST transcripts and a strong positive regulator of 

class 2 CAST transcripts.    

 

2.2.9 Changes in calpastatin subcellular localization upon NFI depletion 

 One of the best characterized roles of calpastatin is inhibition of calpain 

protease activity. In turn, the subcellular location of calpain determines its 

physiological functions, with calpain frequently found at the plasma membrane 

where it cleaves downstream targets, many of which are migration-related 

effectors (306,371). Since direct binding of calpastatin to calpain is required to 

inhibit calpain’s protease activity (366), we examined the effect of NFI depletion on 
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calpastatin subcellular localization in NFI-hypophosphorylated U251 MG cells 

which express both full-length and XL-less calpastatin. 

In U251 MG cells, calpastatin was primarily present in the nucleus and 

cytoplasm, with increased immunostaining in the perinuclear region (Figure 2.7A; 

Figure 2.11). NFIA- and NFIC-knockdown resulted in increased accumulation of 

calpastatin at the plasma membrane. NFIB- and NFIX-depleted U251 cells showed 

increased calpastatin immunostaining at the plasma membrane in structures 

resembling lamellipodia as well as higher levels of nuclear calpastatin.  

To examine the importance of NFI phosphorylation state on calpastatin 

subcellular localization, we treated U251 MG cells with 1 µM cyclosporin A (CSA), 

an inhibitor of calcineurin that promotes NFI hyperphosphorylation (164).  CSA-

treated U251 MG cells showed increased levels of hyperphosphorylated NFI 

(indicated by the asterisks) (Figure 2.7B). Immunostaining analysis revealed a 

perinuclear localization for calpastatin in U251 MG cells treated with DMSO 

vehicle. CSA-treated cells showed a more diffuse calpastatin immunostaining 

pattern in the cytoplasm with accumulation at the plasma membrane (Figure 2.7C; 

Figure 2.12A). For comparison, we immunostained U87 MG cells with anti-

calpastatin antibody. Calpastatin was found throughout the cytoplasm and at the 

plasma membrane. (Figure 2.7D; Figure 2.12B). Thus, the subcellular distribution 

of calpastatin in U251 MG cells with induced NFI hyperphosphorylation shows 

some similarity with that of NFI-hyperphosphorylated U87 MG cells. 

When combined with our NFI promoter analyses, these immunostaining 

data support a regulatory link between NFI hypophosphorylation and: (i) utilization 
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of the CAST alternative promoter, (ii) transcription of class 2 CAST variants, (iii) 

expression of XL-less calpastatin, (iv) loss of calpastatin at the plasma membrane, 

and (v) perinuclear localization of calpastatin 

 

2.3 Discussion 

Many studies have demonstrated the importance of NFIs in the 

development of the central nervous system including the regulation of neural cell 

differentiation and gliogenesis (143,145). In particular, NFIA and NFIB are required 

for the initiation of gliogenesis and later promote the differentiation of astrocytes 

(112,126). In MG, NFI regulates FABP7, the expression of which coincides with 

increased tumor cell migration, tumor infiltration and worse clinical prognosis 

(182,360,361,372). In the context of MG cells, NFI transcriptional activity is 

regulated by its phosphorylation state (373), with dephosphorylation of NFI 

mediated by the calcineurin phosphatase, a well-known target of calpain 

(164,374,375).  

We show here that NFI regulates transcription of the CAST gene, which 

encodes calpastatin, a highly specific inhibitor of calpain (366). Similar to NFI, the 

calpains also play a role in brain development, with μ-calpain (calpain 1) 

suppressing neural differentiation, and m-calpain (calpain 2) inducing glial 

differentiation (215). Furthermore, limited proteolysis of calpain targets is required 

for many aspects of tumor cell migration including focal adhesion turnover (376), 

cytoskeleton remodeling (377), invadopodia formation (378), and 

lamellipodia stabilization at the migration edge (194). Notably, m-calpain is 



77 
  

essential for MG infiltration of the brain in zebrafish (253). The convergence of NFI 

and calpastatin/calpain in normal brain development and regulation of cell 

migration suggests possible crosstalk between these two pathways, with NFI 

regulating expression of specific CAST variants, and calcineurin regulating NFI 

activity.  

Overexpression of calpastatin protects cells from both calpain-mediated 

oxidative and proteolytic stress (379,380), whereas depletion of calpastatin is 

associated with human neurodegenerative disorders including Alzheimer’s 

disease (381). While these reports highlight the importance of calpastatin, little is 

known about the regulation of calpastatin itself in the cell. Our combined data, 

including gel shift assays, supershift assays, ChIP analysis, reporter gene assays 

and analysis of CAST mRNA variants and calpastatin isoform expression, reveal 

a complex NFI-mediated mechanism for regulation of CAST in human MG cells. 

In particular, we identified two NFI binding sites located in human CAST intron 3, 

approximately 4 kb upstream of exon 4 that drive expression of a CAST transcript 

variant that excludes the XL domain of calpastatin.  

Bovine and murine CAST genes have five exons (1xa, 1xb, 1y, 1z, and 1u) 

located upstream of exon 2, with the latter showing homology with human exon 4 

(NCBI, NG_029490, NC_000079, AC_000164). Human exons 1, 2, and 3 share 

sequence homology with exons 1xb, 1y, and 1z, respectively. A functional promoter 

has been identified upstream of exons 1xb in both bovine and murine species 

(323,325). The location of NFI binding sites upstream of human CAST exon 4 

suggests that this intronic region may also contain an NFI-bound alternative 
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promoter. We present evidence that the two NFI binding sites (C2 and C3) located 

upstream of exon 4 are differentially occupied by NFIs in different MG cell lines. 

NFI binding to C2 is confined to MG cell lines with hyperphosphorylated NFI, 

whereas NFI binding to C3 is observed in both NFI hyper- and hypophosphorylated 

cell lines. The core binding palindromic sequence is identical in both C2 and C3; 

however, the two sites differ in the spacing between the two halves of the 

palindrome: 5 bp for C2 and 6 bp for C3. The length of the spacer region has been 

shown to influence the binding affinity of NFI to its target genes (382), and may 

explain differential NFI binding to C2 and C3 binding sites. 

Data from RNA Pol II ChIP, luciferase reporter gene and western blot 

analyses indicate that differential utilization of NFI-binding sites in CAST intron 3 

results in a significantly higher ratio of XL-less calpastatin (a translational product 

of class 2 variants directed by the alternative promoter), versus full-length 

calpastatin (a translational product of class 1 variants directed by the canonical 

promoter) in migratory NFI-hypophosphorylated (U251) MG cells compared to 

non-migratory NFI-hyperphosphorylated (T98 and U87) MG cells. The subcellular 

localization of calpastatin isoforms encoded by these variants may help explain 

what drives increased cell migration in MG cells. It has already been shown that 

calpain and calpastatin co-localize in the cytoplasm (345). When cells are treated 

with a Ca2+ ionophore, calpain relocates to the plasma membrane where it 

regulates many migratory processes; however, calpastatin remains in the 

cytoplasm (345,346). These findings suggest that release of calpain from 

calpastatin is important for calpain activation. Full-length human calpastatin, which 
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contains domains XL, L, and four inhibitory repeats (I-IV), is encoded by class 1 

variant and shares homology with the ~145 kDa type II bovine calpastatin. The 

latter harbors 3 protein kinase A (PKA) phosphorylation sites in the XL domain 

(325). Phosphorylation of calpastatin by PKA in vivo increases the amount of 

membrane-associated calpastatin from 6 to 30% (383). Thus, one would predict 

that calpastatin isoforms that contain domain XL (encoded by class 1 variants; 

Figure 2.5B) are more likely to localize to and inhibit calpain at the plasma 

membrane compared to the XL-less calpastatin isoform (encoded by class 2 

variants), resulting in lower cell migration capacity. 

In keeping with the idea that disassociation of calpain from calpastatin at 

the plasma membrane drives migration, calpastatin was primarily observed in the 

cytoplasmic perinuclear region of NFI-hypophosphorylated (migratory) U251 MG 

cells. It is noteworthy that perinuclear localization has been associated with 

increased calpastatin aggregation, with aggregated calpastatin showing reduced 

binding to calpain (384). Depletion of NFIs in U251 MG cells (accompanied by 

reduced class 2 CAST variants and increased class 1 CAST variants in the case 

of NFIA depletion) resulted in increased plasma membrane localization of 

calpastatin. In addition, knockdown of NFIB and NFIX was accompanied by 

increased nuclear localization of calpastatin (385). Nuclear calpain is believed to 

promote cell survival through various signaling pathways, including Ku80, NF-κB 

and PI-3K/Akt (386-388). As calpastatin is a calpain inhibitor, one may reason that 

the accumulation of calpastatin in the nucleus of MG cells antagonizes the pro-

survival effects mediated by nuclear calpain. Thus, NFIB and NFIX may promote 
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either cell migration or cell death depending on the ratio of membrane to nuclear 

calpastatin in MG cells. Such an effect would be consistent with NFIB’s paradoxical 

role, either acting as an oncogene or tumor suppressor, in different types of cancer 

(389).  

We propose that there is regulatory crosstalk between NFIs and the 

calpastatin/calpain signaling pathway in MG cells that involves the following steps 

(Figure 2.8): (i) calcineurin is cleaved and activated by calpain in the cytoplasm 

(282), (ii) activated calcineurin translocates to the nucleus and dephosphorylates 

NFI (164), (iii) hypophosphorylated NFI regulates its target genes (163,362) 

including CAST through its alternative promoter, which enhances the expression 

of cytosolic XL-less calpastatin with concomitant suppression of plasma 

membrane-associated full-length calpastatin, and (iv) in the absence of full-length 

calpastatin at the plasma membrane, calpain cleaves its cell migration-enhancing 

effectors, resulting in the increased cell migration associated with NFI-

hypophosphorylated MG cells.  

In summary, our results indicate that NFIs control the subcellular 

localization of calpastatin in MG cells through usage of an alternative CAST 

promoter located upstream of exon 4.  Binding of hypophosphorylated NFI to 

CAST intron 3 results in increased utilization of the alternative promoter and a 

higher ratio of class 2 (encoding for XL-less calpastatin isoforms) to class 1 

(encoding for full-length calpastatin) CAST variants. Depletion of NFIs in NFI-

hypophosphorylated MG cells results in accumulation of calpastatin at the plasma 

membrane. Since calpastatin directly binds and inhibits calpain, regulation of 
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CAST variant expression by NFI with accompanying alterations in calpastatin 

subcellular localization may ultimately control calpain activity. Future work will 

involve a more in-depth examination of the NFI-calpain signaling pathway, how it 

affects MG cell migration and whether it can be exploited to reduce MG infiltration 

through the inhibition of calpain.  

 

2.4 Experimental Procedures 

2.4.1 Cell lines, constructs, transfections and treatments 

The origins of the MG cell lines used in this study have been previously 

described (181,362). Cells were cultured in Dulbecco’s modified Eagle’s minimum 

essential medium supplemented with 10% fetal calf serum, streptomycin (50 

µg/ml), and penicillin (50 units/ml). NFI expression constructs, including pCH 

(empty vector), pCHNFIA, pCHNFIB, pCHNFIC, and pCHNFIX, were a gift from 

Dr. R. Gronostajski (Case Western Reserve University). Constructs were 

introduced into MG cells using polyethyleneimine-PEI (Polysciences)-mediated 

transfection with a ratio of 5:1 (µL PEI: µg DNA). The DNA was removed 18 h after 

transfection, and cells harvested 60 h post-transfection. 

For cyclosporin A (CSA) treatment, near confluent U251 MG cells were 

treated with either DMSO (negative control) or 1 µM CSA for 1 h at 37ºC. Cells 

were either harvested for western blot analysis or fixed for immunofluorescence 

analysis as described below. 
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2.4.2 Gel shift Assay  

Gel shift assays were performed as previously described (163,390). Probes 

(C1, C2, C3) were prepared by annealing complementary oligonucleotides with 5’- 

and 3’-overhangs, followed by filling-in the overhangs with Klenow polymerase and 

[α-32P]dCTP. Cold competitors were prepared by annealing complementary 

oligonucleotides in the absence of [α-32P]dCTP. Cold competitors with mutated NFI 

binding sites (C2* and C3*) were prepared by replacing the two conserved G 

residues at positions 3 and 4 with A residues. In addition, C residues at positions 

12 and 13 were replaced with A residues in C3* (Figure 2.1). NFI and AP2 

consensus competitor oligonucleotides were synthesized by annealing 5’-

ATTTTGGCTTGAAGCCAATATG-3’ & 5’-CATATTGGCTTCAAGCCAAAAT-3’ 

(NFI consensus binding site is underlined) and 5’-

GATCGAACTGACCGCCCGCGGCCCGT-3’ & 5’-

ACGGGCCGCGGGCGGTCAGTTCGATC-3’ (AP2 consensus binding site 

underlined). U87 and U251 MG cells were transiently transfected with 7 µg of each 

of the HA-tagged NFI expression constructs (pCH, pCHNFIA, pCHNFIB, pCHNFIC 

and pCHNFIX) or siRNA targeting NFIC as described in the next section. Nuclear 

extracts were prepared using NE-PER® Nuclear and Cytoplasmic Extraction 

reagents (ThermoFisher Scientific). Four µg of nuclear extracts prepared from NFI 

or pCH-transfected cells were pre-incubated in binding buffer [20 mM Hepes pH 

7.9, 1 mM spermidine, 10 mM dithiothreitol, 20 mM KCl, 0.1% Nonidet P-40, 10% 

glycerol] in the presence of 1 µg polydI-dC for 10 min at room temperature. Where 

indicated, a 100X molar excess of unlabeled competitor oligonucleotide was added 
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to the reaction. For supershift experiments, 0.5 μg anti-AP2 (Santa Cruz 

Biotechnology), anti-HA (Roche Applied Science), pan-specific anti-NFI (obtained 

from Dr. N. Tanese, NYU Medical Center), anti-NFIA (custom polyclonal antibody, 

antigen CPDTKPPTTSTEGGA, GenScript), anti-NFIB (custom polyclonal 

antibody, antigen CSGSPSHNDPAKNPP, GenScript), anti-NFIC (custom 

polyclonal antibody, antigen CDQEDSKPITLDTTD, GenScript), or anti-NFIX 

(custom polyclonal antibody, antigen CDGSGQATGQHSQRQ, GenScript) 

antibodies were included during the preincubation stage. Next, radiolabeled 

oligonucleotides were added, followed by an incubation period of 20 min at room 

temperature. Reactions were then electrophoresed in a 6% non-denaturing 

polyacrylamide gel in 0.5X TBE (Tris-borate EDTA). The gels were dried and 

exposed to X-ray film. 

 

2.4.3 Knockdown of endogenous NFIs and CAST 

U87, T98 and/or U251 MG cells were transfected with the following NFI-

targeting Stealth® siRNAs: control scrambled siRNA [Cat. # 12935-200 and 12935-

300 (Invitrogen)], NM_005595_stealth_919 (5’-

GAAAGUUCUUCAUACUACAGCAUGA-3’ of NFIA), NM_005596_stealth_1020 

(5’-AAGCCACAAUGAUCCUGCCAAGAAU-3’ of NFIB), 

NM_005597_stealth_1045 (5’-CAGAGAUGGACAAGUCACCAUUCAA-3’ of 

NFIC),  NM_002501_stealth_752 (5’-GAGAGUAUCACAGACUCCUGUUGCA-3’ 

of NFIX), NM_001042440.3_stealth_486 (5’-

UCCUCUGGUGCAACCAGCAAGUCUU-3’ of CAST) and 

NM_00190442.1_stealth_1264 (5’-ACAAUCCCAUCUGAGUACAGAUUAA-3’ of 
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CAST). Cells were transfected with 10 nM of each siRNA using the RNAiMAX 

Lipofectamine reagent (Invitrogen) according to the manufacturer’s protocol. After 

48 h, cells were split 1 in 6 and transfected with another round of siRNA. Cells 

were harvested 60 h after the second transfection. 

 

2.4.4 Reverse transcription (RT) and quantitative polymerase chain 

reaction (qPCR)  

Total RNA was isolated from transfected cells using the TRIzol® reagent 

(ThermoFisher Scientific). First-strand cDNA was synthesized using Superscript 

II® reverse transcriptase (Invitrogen). For RT-PCR, cDNAs were amplified using 

primers to the different NFIs or β-actin which served as the loading control (see 

Table 2.1 for list of primers). For qPCR, cDNAs were amplified using primer pairs 

targeting specific regions of the CAST gene and the BrightGreen® qPCR master 

mix (ABM Scientific). qPCR results were normalized to GAPDH. Relative fold 

change was generated by normalizing each treatment to the respective scrambled 

siRNA control.  

 

2.4.5 Chromatin immunoprecipitation 

ChIP was carried out as previously described (391). Briefly, MG cells were 

crosslinked with 1% formaldehyde for 20 min at room temperature. Crosslinking 

was terminated using glycine to a final concentration of 0.125 M. Cells were then 

collected in 1X PBS supplemented with 0.5 mM phenylmethylsulphonyl fluoride 

(PMSF), washed and resuspended in lysis buffer [44 mM Tris-HCl pH 8.0, 10 mM 

EDTA, 1% SDS, 1X Complete® protease inhibitors (Roche Applied Science)]. Cells 
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were sonicated twice at 4°C for 10 cycles (1 min per cycle, 30s power on and 30s 

power off) with output level set to high (Bioruptor 300® ultrasonic homogenizer, 

Diagenode). Next, lysates were precleared twice (constant rotation at 4°C for 1 h) 

with protein G-Sepharose Fast Flow beads (Sigma Aldrich) and SDS diluted to 

0.1%. Either 2 µg of rabbit (for NFI) or mouse (for RNA polymerase II) IgG 

(negative control), 2 µg of a pan-specific anti-NFI antibody (obtained from Dr. 

Naoko Tanese, NYU Medical Center, NY), or 2 µg of anti-RNA polymerase II 

antibody (Abcam) were incubated with lysates at 4°C overnight with constant 

rotation. Protein G-Sepharose beads were added to reactions and incubated at 

4°C for 2 h. Beads were washed in buffers of increasing stringency (140 mM NaCl 

to 500 mM NaCl to 250 mM LiCl). Protein-DNA complexes were eluted in 0.1 M 

NaHCO3, 5 mM NaCl, 1% SDS and incubated at 65°C overnight to reverse cross-

links. DNA was purified by phenol-chloroform extraction, followed by ethanol 

precipitation. CAST NFI binding regions (C2 and C3), as well as GAPDH promoter 

(negative control) were amplified (Table 2.1) using the following parameters: 95°C 

for 3 min; 35 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s; 72°C for 7 

min. Amplified DNA was resolved in 1.5% agarose gels and visualized using 

ethidium bromide. For quantitative analysis, chromatin-immunoprecipitated DNA 

was amplified by qPCR using the primers listed in Table 2.1. Results are presented 

as relative fold change compared to IgG negative control.  

 

2.4.6 5’-rapid amplification of cDNA ends (RACE) 

Total RNA was isolated from T98 and U251 MG cells as described above. 

CAST cDNA was generated using the FirstChoice® RNA ligase-mediated rapid 
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amplification of cDNA ends (RLM-RACE) kit (Ambion) according to manufacturer’s 

protocol. Briefly, 5 µg of total RNA was digested with calf intestinal alkaline 

phosphatase (CIP) to remove the 5’-phosphate group from non-messenger RNA 

molecules as well as degraded mRNAs. Intact mRNA is capped and remains 

uncleaved by CIP. The 5’-cap was then removed with tobacco acid 

pyrophosphatase (TAP), yielding a 5’-monophosphate to which an RNA adapter 

with known sequence was ligated using T4 RNA ligase. CAST-specific primer 

(Table 2.1) was used to reverse transcribe RNA with M-MuLV reverse 

transcriptase. cDNAs were PCR-amplified using nested primer pairs (Table 2.1). 

The DNA was electrophoresed in a 3% MetaPhor agarose (FMC Bioproducts, 

Rockland, USA) gel, excised, purified (Monarch DNA extraction kit, New England 

Biolabs) and sequenced (BigDye Terminator® v3.1 cycle sequencing kit, 

ThermoFisher Scientific). 

 

2.4.7 Luciferase reporter gene assay  

The following reporter gene constructs were generated using the pGL3 

luciferase vector (Promega®) with the SV40 promoter element removed: (i) empty 

vector control (CNT), (ii) -1990 to +50 bp of the CAST promoter linked to the 

luciferase gene, with +1 denoting the first nucleotide of exon 1 (designated CP for 

canonical promoter region), and (iii) -4026 to +20 bp relative to exon 4, with  +1 

denoting the first nucleotide exon 4 (designated ALT for NFI-bound alternative 

promoter). Site-directed mutagenized ALT-C2*, ALT-C3*, and ALT-C2*3* 

constructs were generated using the Quickchange® site-directed mutagenesis kit 

(Agilent Technologies) as indicated in Figure 2.1. Cells were transfected with 
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luciferase reporter constructs using JetPrime® transfection reagent (VWR) 

according to the manufacturer’s instructions. Transfected cells were lysed directly 

on the plate using Promega’s Cell Culture Lysis Buffer for 20 min at room 

temperature. Equal amounts of luciferase substrate were added to 20 µL protein 

lysates and light emitted from the bioluminescent conversion of D-luciferin to 

oxyluciferin was measured with the FLUOstar OPTIMA (BMG LABTECH) 

microplate reader. Relative light unit per μg (RLU/μg) was obtained by dividing the 

amount of light emitted from each sample by their respective protein concentration 

(measured using the Bradford reagent). Relative fold change was calculated by 

normalizing the RLU/μg of each promoter construct against that of the empty 

vector control.  

 

2.4.8 Western blot analysis 

 Nuclear extracts were prepared using the NE-PER® Nuclear and 

Cytoplasmic Extraction reagents (ThermoFisher Scientific). Whole cell lysates 

were prepared by syringing cells 15-20 times (23G needles) at 4°C in lysis buffer 

[50 mM Tris-HCl pH 7.5, 1% sodium deoxycholate, 1% Triton X-100, 150 mM NaCl, 

50 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM EDTA, 0.1% SDS, 

1X Complete protease inhibitor (Roche Applied Science), and 1X PhosSTOP 

phosphatase inhibitor (Roche Applied Science)]. Proteins were resolved in 

polyacrylamide-SDS gels and electroblotted onto polyvinylidene fluoride (PVDF) 

or nitrocellulose membranes. Blots were immunostained with rabbit pan-specific 

anti-calpastatin antibody (1:10,000, Santa Cruz), mouse anti-β-actin antibody 

(1:100,000, Sigma Aldrich), mouse anti-HA antibody (1:5000, Roche Applied 
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Science), mouse pan-specific anti-NFI antibody (1:1000, Santa Cruz), or α-tubulin 

(1:50,000, Hybridoma Bank) followed by detection with horseradish peroxidase-

conjugated secondary antibody (Jackson ImmunoResearch Biotech) using the 

Immobilon® western chemiluminescent HRP substrate (EMD Millipore). 

 

2.4.9 Immunofluorescence analysis 

Cells were transfected with the indicated siRNAs and plated onto glass 

coverslips 48 h after transfection. Twenty-four h later, cells were fixed with 4% 

paraformaldehyde for 10 min and permeabilized with 0.25% Triton X-100 for 4 min, 

followed by blocking with 3% bovine serum albumin (BSA) for 45 min at room 

temperature. Cells were immunostained with rabbit anti-calpastatin (1:100, Santa 

Cruz) primary antibody, followed by Alexa 488-conjugated donkey anti-rabbit 

antibody (1:400, Life Technologies). To reduce background signal, the coverslips 

were washed with 0.01% Tween-20 in PBS for 5 min followed by two 5 min washes 

with PBS alone after each antibody incubation. Coverslips were mounted onto 

microscope slides with polyvinyl alcohol-based medium containing 1 µg/mL 4,6-

diamino-2-phenylindole (DAPI) (CalBiochem). Images were acquired with a 

X40/1.3 oil immersion lens on a Zeiss LSM 710 confocal microscope using the 

ZEN software (Zeiss). 
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Table 2.1. Primer sequences 
  

Assay Target Sense Primer Antisense Primer

NFIA CTCCACAAAGCGCCTCAAG CATCAGGGCAGACAAGTTGG

NFIB GAAGTCCAAGCCACAATGATC GATGCAGAGCTGAACAATGG

NFIC GATGCAGAGCTGAACAATGG CATCTCTGTCTTCTTCACCG

NFIX GTTCAAACCAGCAAGGAGATG CGTCATCAACAGGGCTCTC

ACTB CTGGCACCACACCTTCTAC CATACTCCTGCTTGCTGATC

CAST exon 1 - exon 2 ACAACTGCAAGCTAGATCTG CTTTCTTTTCTCCTGGTTTGG

CAST exon 4 - exon 5 GTGTCAGCTTCCTCTGGTG CTGTTTTTTGTGTTTTTTCTTGTT

CAST exon 16 - exon 18 AGTGTGGTGAGGATGATGAAA TTTTCAGTTGGCTTAGATGGTT

GAPDH GAGATCCCTCCAAAATCAA CACACCCATGACGAACAT

CAST C2 TGTGCCAAGTTCCGAGCCAA TAGAAGCAGGGGCAGAGGAA

CAST C3 TGTAGTGGCGCAATGGATGA CTGGGCAATGTAGTGAGACC

CAST canonical promoter GTTCTCCTCCCCATAAAAGTT AGGAAGCGGATCACAAAAACA

CAST alternative promoter ATTCATTATGTGCCAGGGAGT AAATCTAGTAGGAGGTGGTGT

GAPDH positive control TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA

GAPDH negative control GAACCAGCACCGATCACC CCAGCCCAAGGTCTTGAG

Outer RNA adapter GCTGATGGCGATGAATGAACACTG

Inner RNA adapter CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG

CAST exon 4 TACTGGAAGACTTGCTGGTTGC

CAST exon 8 ACTTCCTGTATCTGATGCCTGC

CAST exon 14 CTTCTCCACCTTTCTTTTCT

ChIP

RLM RACE

RT-(q)PCR

qPCR
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Figure 2.1. Schematic representation of CAST promoters and location of 

predicted NFI binding sites  

(A) The canonical and alternative CAST promoters located upstream of exon 1 and 

exon 4, respectively. The relative position of the three putative NFI binding sites 

(C1, C2, and C3; not to scale) found within intron 3 are shown. (B) Comparison of 

the three NFI recognition elements and NFI consensus binding site. Conserved 

nucleotide sequences are indicated in bold. (C) C2* and C3* represent mutated 

C2 and C3 NFI binding sites, with substitutions indicated in lowercase letters. NFI 

and AP2 recognition sites are positive and negative competitors, respectively, for 

gel shift experiments. 

  



92 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



93 
  

Figure 2.2. Gel shifts showing binding of proteins in MG cells to CAST NFI 

recognition sites 

(A) Gel shift assay using 32P-labeled C1, C2, and C3 double-stranded 

oligonucleotides with (+) or without (-) nuclear extracts (1 µg) prepared from U87 

MG cells. Samples were electrophoresed in a 6% polyacrylamide gel in 0.5X TBE 

buffer to separate free DNA probes and DNA-protein complexes. (B) Gel shift 

assays using nuclear extracts from U87 or U251 MG cells (1 µg per lane) and 32P-

labelled C2 and C3 oligonucleotides. When indicated, 100X unlabeled wildtype 

(C2, C3, NFI, and AP2) or mutated (C2* and C3*) competitors were added to the 

reaction. Samples were electrophoresed in a 6% polyacrylamide gel in 0.5X TBE 

buffer to separate free DNA probes and DNA-protein complexes. Gels are 

representative of three independent experiments. 
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Figure 2.3. In vitro binding of NFIs to the two CAST NFI binding sites in intron 

3 

(A) Supershift assays were carried out with 4 µg of nuclear extracts prepared from 

U87 or U251 MG cells and 32P-labelled C2 and C3 oligonucleotides. NFIA, NFIB, 

NFIC, or NFIX antibodies were added to the reactions as indicated. Anti-AP2 

antibody served as a non-specific control. Samples were electrophoresed in a 6% 

polyacrylamide gel in 0.5X TBE buffer to separate free DNA probes and DNA-

protein complexes. Gels are representative of three independent experiments. (B) 

Western blot analysis of U87 and U251 MG cells transiently transfected with HA-

tagged NFI expression constructs. Empty vector (pCH) served as negative control. 

Nuclear extracts were prepared using the NE-PER Nuclear and Cytoplasmic 

Extraction Kit (ThermoFisher Scientific). Proteins were transferred to nitrocellulose 

membranes and immunoblotted with anti-HA antibody. (C) Nuclear extracts were 

prepared from U87 or U251 cells transfected with the indicated HA-tagged NFI 

expression constructs. Four µg nuclear extracts were incubated with 32P-labelled 

C2 and C3 oligonucleotides, and anti-HA antibody included where indicated. Anti-

AP2 antibody served as a negative control. Samples were electrophoresed in a 

6% polyacrylamide gel in 0.5X TBE buffer to separate free DNA probes and DNA-

protein complexes. Gels are representative of two independent experiments.  
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Figure 2.4. In vivo binding of NFIs to the two CAST NFI binding sites in intron 

3 

ChIP analyses were performed with 2 µg of a pan-specific anti-NFI (Tanese) 

antibody (A) or an anti-RNA polymerase II antibody (B) using some or all of the 

following cell lines: NFI-hyperphosphorylated T98 and U87 and NFI-

hypophosphorylated M049 and U251 MG cell lines. (A) Primers targeting C2 and 

C3 were used for PCR amplification of CAST NFI binding sites (Table 2.1). Primers 

to a non-relevant region of GAPDH promoter served as a negative control. Input 

consists of genomic DNA obtained after sonication but before 

immunoprecipitation. The band in input DNA is of the expected size and serves as 

a positive control. (B) Specific primers were used to qPCR amplify either the CAST 

canonical (CP) or alternative (ALT) promoter region, each of which contains a 

TATA box (Table 2.1). Primers to an upstream region of the GAPDH proximal 

promoter served as a negative control (Table 2.1). Primers to the GAPDH proximal 

promoter region containing the TATA box served as a positive control (Table 2.1). 

Scatter plots in panel B were generated by normalizing signals obtained with NFI 

or RNA Pol II antibodies against those generated by IgG. Each ChIP experiment 

was carried out three times.  qPCR data are presented as mean ± S.D. (*p-

value<0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001).  
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Figure 2.5. CAST promoter activity and calpastatin isoform expression in MG 

cells 

(A) 5’-RLM RACE was carried out using 5 µg of total RNA isolated from NFI-

hyperphosphorylated (T98) or NFI-hypophosphorylated (U251) MG cells. 

Antisense primer targeting exon 14 of the CAST gene was used for reverse 

transcription. Nested PCR amplification was carried out with 5’-ligated outer and 

inner primers and antisense primers targeting exons 8 and 4 of the CAST gene, 

respectively. PCR products were electrophoresed in 3% Metaphor (FMC 

Bioproducts) agarose gel, visualized with ethidium bromide, excised, purified, and 

sequenced using the BigDye Terminator v3.1 cycle sequencing kit (ThermoFisher 

Scientific). Exon composition of the isolated DNA products based on sequence 

analysis is indicated on the right. (B) Domain composition of XL-containing (Full-

length/Type II) and XL-less (Type III) calpastatin isoforms. (C) T98 and (D) U251 

MG cells were transiently transfected with luciferase reporter constructs containing 

the canonical promoter (CP) (~2000 bp upstream of CAST exon 1), alternative 

promoter (ALT in intron 3 containing the NFI binding sites (~4000 bp upstream of 

CAST exon 4), or empty vector (CNT). Luciferase activity was measured using the 

Luciferase Assay System (Promega) and the FLUOstar microplate reader (BMG 

LABTECH). Relative fold change was calculated relative to the empty vector 

control. Scatter plots show data from 3 independent experiments. (E) U251 MG 

cells were transiently transfected with luciferase reporter constructs containing the 

wildtype ALT or constructs containing mutation at C2 (ALT-C2*), C3 (ALt-C3*), or 

both C2 and C3 (ALT-C2*C3*) NFI binding sites. Luciferase activity was measured 
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48 h post-transfection as described above. P-values were obtained from one-way 

ANOVA statistical analysis of three independent experiments. (*p-value<0.05, **p-

value <0.01, ***p-value <0.001, ****p-value <0.0001).  
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Figure 2.6. CAST variants and calpastatin isoform expression in MG cells 

Whole cell extracts from (A) non-transfected U87 and U251 or (B) U251 MG cells 

transiently transfected with scrambled (control; CNT) or siRNAs targeting CAST 

exon 4 (si-CAST-1) and exon 16 (siCAST-2) were electrophoresed in a 15% SDS-

polyacrylamide gel at 180 V for 75 min and then transferred to a nitrocellulose 

membrane. Blots were immunostained with rabbit polyclonal anti-calpastatin 

antibody (1:10,000, Santa Cruz) or mouse anti-α-tubulin antibody (1:100,000, 

Hybridoma Bank) followed by horseradish peroxidase-conjugated secondary 

antibody (1:50,000). The signal was detected using the Immobilon western 

detection reagent. (C) RT-PCR showing the knockdown efficiencies of siRNAs 

targeting specific NFIs in U87 and U251 MG cells. (D-I) Quantitative PCR analysis 

using cDNAs prepared from U87 (D-F) or U251 (G-I) MG cells transiently 

transfected with siRNAs targeting specific NFIs as indicated. cDNAs were 

amplified with primers targeting exons 1 and 2 (D, G), exons 4 and 5 (E, H), or 

exons 16 and 18 (F, I) of the CAST gene. GAPDH was used as a control for 

variation in cDNA concentration. Scatter plots show fold changes relative to 

scrambled siRNA control (set at 1) in three independent experiments. Bars 

represent the mean ± s.d. for three independent experiments (*p-value<0.05, **p-

value <0.01, ***p-value <0.001, ****p-value <0.0001).  
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Figure 2.7. Changes in calpastatin subcellular localization upon NFI 

knockdown or modification of NFI phosphorylation 

(A) U251 MG cells were transiently transfected with siRNAs targeting the indicated 

NFIs, then plated on coverslips. After 48 h, cells were fixed with 4% 

paraformaldehyde and immunostained with a polyclonal anti-calpastatin antibody 

(1:100, Santa Cruz Biotechnologies) followed by Alexa 488-conjugated secondary 

antibody (green signal). Nuclei were stained with DAPI (blue) and images acquired 

by confocal microscopy using a 40X/1.3 oil immersion lens. Bars, 10 µm. All 

images are representative of the majority of cells observed under each condition. 

The arrowheads point to the calpastatin signal at the plasma membrane. (B) U251 

MG cells were treated with 1 µM of cyclosporin A (CSA) for 1 h at 37ºC. Nuclear 

extracts were electrophoresed in polyacrylamide-SDS gels and electroblotted onto 

nitrocellulose membranes. Blots were immunostained with a mouse pan-specific 

anti-NFI antibody (1:1,000, Santa Cruz Biotechnologies), followed by horseradish 

peroxidase-conjugated secondary antibody (1:50,000). The signal was detected 

using the Immobilon western detection reagent. The asterisks point to 

hyperphosphorylated forms of NFI. (C) CSA-treated U251 MG cells or (D) U87 MG 

cells transfected with scrambled (control) siRNAs were fixed, immunostained and 

visualized as described in A. Bars, 20 µm (C) or 10 µm (D). All images are 

representative of three independent experiments.  
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Figure 2.8. Model of the regulatory crosstalk between the calpain/calpastatin 

pathway and NFI in MG cells 

In the cytoplasm, calcineurin is cleaved and activated by calpain. Activated 

calcineurin translocates to the nucleus, dephosphorylates and activates NFI. 

Hypophosphorylated NFI upregulates cell migration-promoting FABP7 as well as 

CAST variants that exclude the XL domain and preferentially localize to the 

cytoplasm. NFI also negatively affects the expression of plasma membrane-

associated full-length calpastatin. As a consequence, calpastatin-calpain 

interaction at the plasma membrane is reduced, calpain remains active, calpain 

target effectors are cleaved, and MG cell migration is enhanced.
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Figure 2.9. Endogenous NFI levels and specificity of anti-NFI antibodies 

Anti-NFI antibodies (GenScript) were generated to unique regions of each NFI. (A) 

RT-qPCR was performed using RNA isolated from U87 and U251 MG cells with 

primers targeting the indicated NFIs (Table 2.1). Expression of each NFI in U251 

was normalized against that of U87 MG cells. GAPDH was amplified as a control 

for amount of cDNA. Each experiment was carried out three independent times. 

Data are presented as mean ± S.D. (*p-value<0.05, **p-value <0.01, ***p-value 

<0.001, ****p-value <0.0001). (B) U251 MG cells were transiently transfected with 

the indicated HA-tagged NFI expression constructs. Empty vector (pCH) served 

as negative control. Nuclear extracts were prepared using the NE-PER Nuclear 

and Cytoplasmic Extraction Kit (ThermoFisher Scientific). Proteins were 

transferred to nitrocellulose membranes, immunoblotted with the indicated 

GenScript anti-NFI antibodies (1:1000) followed by horseradish peroxidase-

conjugated secondary antibody (1:50,000). The signal was detected using the 

Immobilon western detection reagent.  
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Figure 2.10. Binding of CAST by NFIC and quantification of ChIP results 

(A) Nuclear extracts were prepared from U87 and U251 MG cells transiently 

transfected with either scrambled or NFIC-specific siRNA. Four µg nuclear extracts 

were incubated with 32P-labelled C2 and C3 oligonucleotides and GenScript anti-

NFIC antibody included where indicated. Samples were electrophoresed in a 6% 

polyacrylamide gel in 0.5X TBE buffer to separate free DNA probes and DNA-

protein complexes. Results are representative of two independent experiments. 

(B) ChIP analyses were performed with 2 µg of a pan-specific anti-NFI (Tanese) 

using the following cell lines: NFI-hyperphosphorylated T98 and U87 and NFI-

hypophosphorylated M049 and U251 MG cell lines. Primers targeting C2 and C3 

were used for qPCR amplification of CAST NFI binding sites (Table 2.1). Primers 

to the upstream region of the GAPDH promoter served as negative control (Table 

2.1). Results were derived from three independent experiments and presented as 

mean ± S.D. (*p-value<0.05, **p-value <0.01, ***p-value <0.001, ****p-value 

<0.0001). 
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Figure 2.11. Changes in calpastatin subcellular localization in U251 MG cells 

upon NFI depletion 

Cells were transiently transfected with siRNAs targeting the indicated NFIs then 

plated on coverslips. After 48 h, cells were fixed with 4% paraformaldehyde and 

immunostained with a polyclonal anti-calpastatin antibody (1:100, Santa Cruz 

Biotechnologies) followed by Alexa 488-conjugated secondary antibody. Nuclei 

were stained with DAPI and images acquired by confocal microscopy using a 

40X/1.3 oil immersion lens. Bars, 20 µm. All images are representative of three 

independent experiments. 
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Figure 2.12. Calpastatin subcellular localization upon induction of NFI 

hyperphosphorylation in U251 MG cells and in NFI-hyperphosphorylated 

U87 MG cells 

(A) U251 MG cells were plated on coverslips. After 24 h, cells were treated with 1 

µM CSA at 37ºC. (B) U87 MG cells were transiently transfected with scrambled 

(control) siRNA and then plated on coverslips. After 1 h (A) or 48 h (B), cells were 

fixed with 4% paraformaldehyde. Coverslips were immunostained with a polyclonal 

anti-calpastatin antibody (1:100, Santa Cruz Biotechnologies) followed by Alexa 

488-conjugated secondary antibody. Nuclei were stained with DAPI and images 

acquired by confocal microscopy using a 40X/1.3 oil immersion lens. Bars, 20 µm. 

All images are representative of three independent experiments. 
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CHAPTER 3: NUCLEAR FACTOR IB AND CALPAIN 1 POSITIVE FEEDBACK 

LOOP NEGATIVELY REGULATES GLIOBLASTOMA CELL MIGRATION  
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3.1 Introduction 

 Glioblastomas (GBM), classified as WHO grade IV astrocytomas, 

are the most aggressive form of adult brain tumors (57). Despite recent advances 

in therapeutic intervention, the prognosis for GBM patients remains dismal, with 

median survival times of ~15 months (30,55). GBM cells are highly infiltrative, a 

property that may be driven by expression of neural stem markers. These stem 

like/infiltrative properties allow GBM cells to evade conventional treatment, 

including surgery, chemotherapy (usually temozolomide) and radiation therapy 

(354-356). Without effective second-line treatment, patients often succumb to the 

disease shortly after tumor recurrence (357-359). Although significant effort has 

been made to unravel the mechanisms underlying GBM infiltration of normal brain 

tissue, we still have a poor understanding of what drives infiltration at the molecular 

level. 

The Nuclear Factor I family of four transcription factors (NFIA, NFIB, NFIC 

and NFIX) plays an integral role in regulating genes involved in neural cell 

migration and gliogenesis (112,117). We have shown that NFIs regulate the neural 

progenitor/stem cell marker gene (brain fatty acid-binding protein - FABP7) 

(163,362), whose expression is associated with higher GBM cell migration in vitro 

and infiltration in vivo (183,184,361,372). NFI regulation of FABP7 is dependent 

on its phosphorylation state, with hypophosphorylated NFI upregulating FABP7 

expression (362). NFIs are dephosphorylated by calcineurin phosphatase in GBM 

cells (164). 
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Calcineurin cleavage and activation are mediated by calpain, a family of 

calcium-dependent neutral proteases (196,282,365). The best characterized 

calpains, calpain 1 (µ-calpain) and calpain 2 (m-calpain), are named based on the 

amount of calcium required for their activation in vitro: micro (μ)- or milli (m)-molar 

Ca2+ concentrations (196). Both calpains 1 and 2 function as heterodimers, 

comprised of a distinct large subunit, CAPN1 (for μ-calpain) or CAPN2 (for m-

calpain), and a shared smaller subunit (CAPSN1) (218). Calpain can either 

promote or inhibit cell migration depending on cell type. For example, inhibition of 

calpain 1 activity results in reduced platelet cell spreading (211). In contrast, 

inhibition of calpain 1 activity promotes random neutrophil migration (195). In 

addition, calpain 1 has been shown to prevent endothelial cell spreading as the 

result of calpain 1-mediated proteolysis of RhoA, a key factor in cell migration 

(213).  

Calpain proteolytic activity is tightly regulated. Soon after its discovery, 

calpain was shown to undergo autoproteolysis (or autolysis) (196). Autolyzed 

calpain requires lower calcium to reach half-maximal activity and thus is more 

active compared to full-length calpain (299). However, autolyzed calpain is also 

more unstable and prone to degradation and/or aggregation, the latter resulting in 

its inactivation (299). This instability may protect cells from detrimental effects 

associated with hyperactive calpain. Calpain activity is also regulated by its highly 

specific endogenous inhibitor, calpastatin (366). Binding of calpastatin to calpain 

not only inhibits its activity, but also prevents full autolysis of calpain leading to 

accumulation of the full-length form (392). Since calpastatin and calpain are 
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ubiquitously expressed, their ratio and/or subcellular distributions may determine 

the level of calpain proteolytic activity within a cell. 

Calpains can be inhibited by a wide array of exogenous inhibitors, including 

calpain inhibitor I (ALLN), a membrane-permeable synthetic peptide that 

specifically targets both calpain 1 and 2 in vitro (393). Aclacinomycin a (aclarubicin, 

ACM), used for the treatment of patients with relapsed or refractory myeloid 

cancers, is a doxorubicin-like antibiotic that inhibits calpain activity (394-396) 

We have previously shown that the CAST gene, encoding calpastatin, is a 

target of NFI in GBM cells. NFI functions through an alternative promoter 

containing two NFI binding sites located in CAST intron 3 (369,397). By 

differentially regulating the usage of CAST canonical and alternative promoters, 

NFI can alter the relative levels of CAST variants encoding full-length versus 

truncated calpastatin in GBM cells, with accompanying changes in the subcellular 

localization of calpastatin (397). NFI phosphorylation is an important determinant 

of CAST variant levels in GBM cells (397). Here, we show that NFIB regulation of 

CAST variants, and therefore calpastatin isoforms, affects calpain 1 levels and 

calpain 1 subcellular distribution in GBM cells. In turn, calpain 1 induces NFIB 

dephosphorylation through activation of calcineurin. This NFIB-calpain 1 positive 

feedback loop suppresses GBM cell migration but does not affect GBM cell 

survival.  
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3.2 Results 

3.2.1 NFI directly regulates CAST but not calpain genes 

We have previously shown that the expression of CAST variants in GBM 

cells is dependent on NFI phosphorylation state (397). To examine how 

differentially phosphorylated NFI affects calpastatin protein levels, we transiently 

transfected T98 (NFI-hyperphosphorylated) and U251 (NFI-hypophosphorylated) 

GBM cells (163) with either NFI expression constructs or previously validated 

siRNAs (362,369,397) targeting each of the four NFIs. Knocking down individual 

NFIs in NFI-hypophosphorylated U251 cells resulted in increased levels of 

calpastatin (Figure 3.1A, left panel), with NFI overexpression having no effect on 

calpastatin (data not shown). In contrast, NFI depletion in NFI-

hyperphosphorylated T98 GBM cells had no effect on calpastatin levels (data not 

shown). However, NFI overexpression reduced calpastatin levels (Figure 3.1, right 

panel). These data indicate that all four NFIs, through regulation of CAST variants, 

suppress the expression of calpastatin in GBM cells. Of note, the calpastatin 

antibody used for these experiments is specific to full-length calpastatin (~145 

kDa), which has four calpain inhibitory domains (I-IV), the XL and the L N-terminal 

domains. 

Calpastatin is an endogenous inhibitor of calpain. Since NFIs affect levels 

of calpastatin, we were interested in whether NFIs might also affect calpain activity 

through a calpastatin feedforward loop. But first, we wanted to ensure that NFI did 

not directly regulate calpain genes, as this would negate the need for a calpastatin-

mediated feedforward loop. To address this possibility, we transiently transfected 
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U87 and U251 GBM cells with siRNAs targeting each NFI member and carried out 

RT-qPCR using primers flanking the large subunit of calpain 1 (CAPN1), the large 

subunit of calpain 2 (CAPN2) and the small subunit (CAPSN1) that is shared by 

both calpains. Depletion of NFIs did not significantly affect CAPN1, CAPN2, and 

CAPSN1 RNA levels (Figs. 1B and C). Thus, NFI does not appear to regulate the 

transcription of calpain genes. In line with these results, we did not identify NFI 

binding sites in the promoter regions of CAPN1, CAPN2, and CAPSN1, based on 

in silico analysis. 

 

3.2.2 Differentially phosphorylated NFIB exert distinct effects on the 

subcellular distribution of calpain 1 

Of the 4 NFIs, the role of NFIB in cancer is best documented (171,398,399). 

Thus, we focused on examining the role of NFIB in the calpastatin/calpain 

pathway. To determine whether NFIB-mediated regulation of CAST affects 

calpains 1 and 2, we transiently transfected NFI-hyperphosphorylated U87 and 

NFI-hypophosphorylated U251 GBM cells (163) with two siRNAs targeting 

different regions of NFIB and carried out western blot analysis using antibodies to 

either calpain 1 or calpain 2.  Since calpain-mediated proteolysis of downstream 

effectors is dependent on the subcellular location of calpain, we carried out nuclear 

and cytoplasmic fractionation to investigate whether NFIB differentially affects 

calpain levels in these two cellular compartments.  

Knocking down NFIB in U87 GBM cells had no effect on either the 

cytoplasmic or nuclear levels of calpain 2 (Figs. 2A and B, left panels), but resulted 

in increased levels of full-length calpain 1 in the cytoplasm (Figure 3.2A, left panel). 
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Levels of calpain 1 in the nucleus were not affected (Figure 3.2B, left panel). As 

depletion of NFIB in GBM cells increased overall levels of calpastatin (Figure 

3.1A), and calpastatin binds and inhibits calpain autolysis, our combined results 

suggest that hyperphosphorylated NFIB in U87 cells prevents activation of 

cytoplasmic calpain 1. 

In contrast, depletion of NFIB in NFI-hypophosphorylated U251 cells had 

no effect on cytoplasmic calpain 1 (Figure 3.2A, right panel) but led to a decrease 

in levels of a ~55 kDa autolyzed form of calpain 1 in the nucleus (Figure 3.2B, right 

panel).  Of note, we did not detect full-length calpain 1 in the nucleus of either U87 

or U251 cells, suggesting that either autolysis of calpain 1 is required for its nuclear 

translocation or calpain 1 autolysis occurs with higher efficacy in the nucleus. 

These data suggest that hypophosphorylated NFIB can indirectly influence levels 

of nuclear, but not cytoplasmic, calpain 1. We used α-tubulin and lamin A/C as the 

loading controls for the cytoplasmic and nuclear fractions, respectively. NFIB 

knockdown efficiency is shown in both cell lines (Figure 3.2C). Since NFIB 

depletion affected calpain 1, but not calpain 2, we focused on calpain 1 in 

subsequent experiments. 

Next, we used immunostaining analysis to examine the effect of NFIB 

depletion on the subcellular distribution of calpastatin and calpain 1. In NFI-

hyperphosphorylated U87 cells, calpastatin was found throughout the cytoplasm 

with little to no calpastatin in the nucleus. NFIB depletion resulted in increased 

aggregation of calpastatin surrounding the nucleus, with no apparent effect on 

nuclear calpastatin (see arrowhead - Figure 3.3A). These two patterns of 
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localization have been reported for calpastatin in other systems (351,384). 

Similarly, NFIB depletion in U87 cells resulted in increased cytoplasmic 

aggregation of calpain 1 to one side of the cell (see arrowheads - Figure 3.3A and 

C, left panel). These observations suggest an association between 

hyperphosphorylated NFIB and disaggregation of cytoplasmic calpastatin and 

calpain 1. 

We have previously shown that calpastatin has a perinuclear distribution in 

NFI-hypophosphorylated U251 cells, with  NFIB depletion resulting in  increased 

levels of nuclear calpastatin (397). Here, we show that calpain 1 is primarily in the 

nucleus of U251 cells (Figure 3.3B). NFIB knockdown resulted in decreased levels 

of nuclear calpain 1 (Figure 3.3C, right panel), presumably the autolyzed form of 

calpain 1 based on our western blots (Figure 3.3B). These results point to a role 

for hypophosphorylated NFIB in the differential localization of calpastatin (to the 

cytoplasm) and calpain 1 (to the nucleus). 

 

3.2.3 NFIB depletion decreases calpain activity and GBM cell migration but 

does not affect GBM cell viability 

Whether through accumulation of cytoplasmic full-length calpain 1 (as 

observed in NFI-hyperphosphorylated U87 cells) or loss of autolyzed nuclear 

calpain 1 (as observed in NFI-hypophosphorylated U251 cells), our results, taken 

in light of evidence from the literature, point to reduced calpain 1 activity upon NFIB 

depletion in GBM cells. To investigate how calpain 1 proteolytic activity changes 

upon NFIB depletion, we transiently transfected U87 and U251 cells with two 

siRNAs targeting NFIB and then measured calpain activity using a fluorometric 
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substrate. NFIB depletion resulted in decreased calpain proteolytic activity in both 

cell lines. Specifically, NFIB knockdown in U87 cells resulted in lower levels of 

relative fluorescence intensity, to 0.29-fold (siNFIB-1, p<0.0001) and 0.55-fold 

(siNFIB-2, p<0.001), compared to scrambled siRNA-transfected cells (Figure 3.4A, 

left panel). Similarly, NFIB depletion in U251 cells resulted in reduced levels of 

relative fluorescence intensity, to 0.51-fold (siNFIB-1, p<0.0001) and 0.57-fold 

(siNFIB-2, p<0.001), compared to scrambled siRNA-transfected cells (Figure 3.4A, 

right panel). While our calpain activity fluorometric assay does not differentiate 

between calpain 1 and calpain 2, our western blots show that calpain 2 levels are 

not affected by NFIB knockdown (Figure 3.2A and B). As NFIB depletion reduced 

total calpain activity to ~50% compared to control cells, we conclude that the effect 

of NFIB on calpain activity is mediated chiefly through calpain 1. 

 We used the Transwell assay to examine how reduced calpain 1 proteolytic 

activity in NFIB-depleted cells affects GBM cell migration. NFIB knockdown in U87 

and U251 cells resulted in ~3-fold and ~2-fold increases in numbers of migrating 

cells, respectively (Figure 3.4B). Specifically, the number of migrated U87 cells 

increased from 392 to 1179 in control- versus siNFIB-1-treated cells (~3-fold, 

p<0.0001). Likewise, the number of migrated U251 cells increased from 433 to 843 

in control- versus siNFIB-1-treated cells (~2-fold, p<0.0001). These results 

suggest that NFIB inhibits GBM cell migration, irrespective of NFI phosphorylation 

state. 

We also examined the effect of NFIB depletion on GBM cell survival using 

the MTS assay. The MTS assay measures cell metabolism, and is a surrogate 
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assay for cell viability (400). NFIB knockdown had no effect on cell viability in both 

U87 (p>0.65) and U251 (p>0.48) cells (Figure 3.4C). These observations indicate 

that NFIB-calpastatin-calpain 1 crosstalk may not be important for GBM cell 

viability. 

 

3.2.4 Calpain 1 depletion induces NFIB phosphorylation 

 So far, we have shown that NFIB affects calpain 1 levels and activity, with 

concomitant changes in levels and subcellular distribution of calpastatin. Here, we 

address the possibility of bidirectional signaling between calcineurin/NFIB and 

calpain 1 in GBM cells. We transiently transfected NFIB-hypophosphorylated U251 

cells with two siRNAs targeting calpain 1 and examined the effect of calpain 1 

depletion on the catalytic subunit of calcineurin and NFIB phosphorylation. In 

keeping with calcineurin being cleaved and activated by calpain 1 (282,365), 

knocking down calpain 1 resulted in accumulation of the uncleaved form of 

calcineurin (~60 kDa) in the cytoplasm of U251 cells (Figure 3.5A). Loss of calpain 

1 also led to increased levels of full-length calpastatin in U251 cells (Figure 3.5A), 

which agrees with our previous findings showing that NFI-hyperphosphorylated 

GBM cells preferentially express full-length calpastatin (397).  

As expected, depletion of calpain 1 also resulted in decreased levels of the 

cleaved forms of calcineurin in U251 cells (Figure 3.5B; indicated by the asterisk). 

Of note, cleaved calcineurin was only observed in the nucleus of U251 cells, 

suggesting that the cleavage of calcineurin occurs after its nuclear translocation 

and thus can be influenced by calpain 1 concentration in the nucleus. This 

observation may explain how NFI remains hyperphosphorylated in U87 cells 
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despite increased cytoplasmic calpain 1 levels. Along with reduced calcineurin 

cleavage, we observed hyperphosphorylation of NFIB in calpain 1-depleted U251 

cells compared to control cells (asterisk in Figure 3.5C). It is noteworthy that these 

hyperphosphorylated forms of NFIB migrate even more slowly than those 

observed in U87 cells (Figure 3.5C), suggesting that NFIB exists in a basally 

hyperphosphorylated state in control (i.e. non-calpain 1 depleted) U87 GBM cells. 

To confirm that the slower-migrating forms of NFIB observed upon calpain 1 

depletion are indeed hyperphosphorylated, we treated U251 cell extracts with λ-

phosphatase. All the NFIB bands underwent a reduction in size after λ-

phosphatase treatment (Figure 3.5D). Of note, the banding patterns of NFIB were 

different depending on whether phosphatase inhibitors were included (Figure 

3.5C) or not (Figure 3.5D). This is likely due to the potent phosphatase activity of 

calcineurin, which may dephosphorylate NFIB in the absence of phosphatase 

inhibitors. Together, our data support the second signaling branch of the NFIB-

calpain 1 crosstalk in GBM cells: calpain 1 cleaves and activates calcineurin, which 

in turn dephosphorylates NFIB in U251 cells. 

 

3.2.5 Calpain 1 depletion alters the subcellular distribution of calcineurin 

and NFIB 

We performed immunofluorescence analysis of calpain 1-depleted U251 

(NFI-hypophosphorylated) cells to further investigate the effect of calpain 1 on the 

subcellular localization of calcineurin and NFIB. In control cells, both NFIB and 

calcineurin had a diffuse nuclear pattern (Figure 3.6A, first row). Calpain 1 
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knockdown resulted in reduced levels of calcineurin in the nucleus with much 

higher levels of calcineurin in the cytoplasm (Figure 3.6A, second row and Figure 

3.6B, right panel). These results are in agreement with our western blot data 

(Figure 3.5A). Loss of calpain 1 also led to changes in the immunostaining pattern 

of NFIB such that NFIB appeared to be excluded from nucleoli compared to control 

cells (Figure 3.6A, second row and Figure 3.6B, left panel).  

It is noteworthy that the subcellular distribution of calcineurin and NFIB in 

calpain 1-depleted U251 cells was similar to that observed in control U87 (NFI-

hyperphosphorylated) cells (Figure 3.6C). These observations suggest that the 

phosphorylation state of NFIB may influence its subcellular distribution. Thus, 

calpain 1 may alter NFIB subcellular localization through modulation of calcineurin 

phosphatase activity. Taken together, our data support a positive feedback loop 

between NFIB and calpain 1 such that NFIB, through calpastatin, promotes 

autolysis and activation of calpain 1. In turn, calpain 1 upregulates calcineurin 

phosphatase activity which results in NFIB dephosphorylation, which has been 

previously correlated with increased transcriptional activity (163,164,362). 

 

3.2.6 Calpain 1 depletion increases GBM cell migration but does not affect 

cell survival 

 To understand the effects of the NFIB-calpain 1 positive feedback loop on 

GBM cell migration and cell survival, we repeated the Transwell assay using U87 

and U251 cells depleted of either calpain 1 or both calpain 1 and NFIB. Similar to 

NFIB depletion, knocking down calpain 1 resulted in increased cell migration in 

both cell lines. Specifically, the number of migrated cells increased from 392 in 
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control to 917 in siCAPN1-transfected U87 cells (~2.34-fold increase, p<0.0001) 

(Figure 3.7A). Likewise, the number of migrated cells increased from 433 in control 

to 991 in siCAPN1-transfected U251 cells (~2.29-fold, p<0.0001) (Figure 3.7B). 

These data indicate that calpain 1, like NFIB, inhibits GBM cell migration. Co-

depletion of NFIB and calpain 1 in U87 cells led to a statistically significant further 

increase in the number of migrated cells compared to calpain 1 depletion: 1238 

cells for the former versus 917 cells for the latter (~1.35-fold, p<0.01) (Figure 3.7A). 

Similar results were obtained with U251 cells: 1965 cells for NFIB/calpain 1 co-

depletion compared to 991 cells for calpain 1 depletion alone (~1.98-fold, p<0.001) 

(Figure 3.7B). In agreement with our proposed role for NFIB in the negative 

regulation of GBM cell migration, NFIB ectopic expression resulted in decreased 

numbers of migrated cells compared to control (~0.23-fold, p<0.0001, Figure 

3.7C). Importantly, co-transfection of U251 cells with both a calpain 1-specific 

siRNA and an NFIB expression construct reversed the NFIB-induced reduction in 

cell migration observed in NFIB-overexpressing U251 cells (p<0.01, Figure 3.7C). 

These data indicate that the negative effect of NFIB on GBM cell migration is at 

least partly mediated through calpain 1 signaling, thereby providing functional 

support for our proposed NFIB-calpain 1 positive feedback loop.  

Similar to NFIB knockdown, depletion of either calpain 1 or both NFIB and 

calpain 1 had no effect on either U87 (p>0.32 and p>0.74, respectively) or U251 

(p>0.18 and p>0.85, respectively) cell survival as measured by the MTS assay 

(Figure 3.7F). Our data thus indicate that NFIB and calpain 1 act in concert to 

dampen GBM cell migration but have no effect on cell proliferation. However, given 
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the further increases in cell migration observed upon co-depletion of calpain 1 and 

NFIB compared to calpain 1-depleted GBM cells (Figure 3.7A and B), NFIB and 

calpain 1 may have target genes and downstream effectors that are independent 

from NFIB-calpain crosstalk. 

 

3.2.7 Calpain 1 depletion increases levels of RhoA and FABP7, both 

implicated in GBM cell migration  

To gain mechanistic insights into calpain 1’s role in the inhibition of GBM 

cell migration, we examined the levels of the pro-migratory factor RhoA. Cleavage 

of RhoA by calpain 1 has previously been shown to reduce spreading in bovine 

aortic endothelial cells (213). Calpain 1-depleted U251 cells showed a 5-7-fold 

increase in uncleaved RhoA (22 kDa) compared to control cells (Figure 3.7D). 

These results are in line with RhoA serving as an important regulator of GBM cell 

migration (401,402). While our antibody did not to detect cleaved RhoA (20 kDa), 

perhaps due to the labile nature of this truncated form, our results are consistent 

with calpain 1-mediated proteolysis of RhoA being a downstream mechanism by 

which the NFIB-calpain 1 feedback loop downregulates GBM cell migration.  

Brain fatty acid binding protein (FABP7) is a target of NFI transcription 

factors that has been directly linked to increased GBM cell migration 

(163,182,362,372). To examine whether the NFIB-calpain 1 crosstalk exerts its 

negative regulation on GBM cell migration through FABP7, we transfected U251 

cells with calpain 1 siRNAs. Calpain 1 depletion led to a 3-4-fold increase in levels 

of FABP7 (Figure 3.7D). Next, we ectopically expressed NFIB in U251 cells. A 
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consistent decrease in FABP7 protein levels was observed in these cells 

compared to control cells (Figure 3.7E). Finally, by transfecting NFIB-

overexpressing U251 cells with calpain 1 siRNAs, we showed recovery of FABP7 

protein levels to that observed in control cells (Figure 3.7E). The parallels in the 

effects NFIB and calpain 1 have on FABP7 expression and GBM cell migration 

(Figure 3.7C), combined with FABP7’s previously demonstrated pro-migratory 

effects, suggest a central role for our proposed NFIB-calpain 1 positive feedback 

loop on regulating GBM cell migration through FABP7.  

 

3.2.8 Targeting the NFI-calpain pathway in GBM cells using calpain 

inhibitors 

 It is well known that calpains 1 and 2 can functionally compensate for the 

loss of one another under certain conditions, including the cleavage and activation 

of calcineurin (282,365). To bypass this compensatory pathway, we examined the 

effect of two inhibitors targeting both calpains 1 and 2, ACM and ALLN, on GBM 

cell viability using the colony formation assay. Both T98 (NFI-

hyperphosphorylated) and U251 (NFI-hypophosphorylated) cells showed a dose-

dependent decrease in colony formation in response to either ACM or ALLN 

treatment (Figure 3.8A). The LD50 values for ACM and ALLN were ~10 nM and 

~10 µM, respectively (Figure 3.8A). At higher doses of ACM (100 nM) and ALLN 

(10 µM), we observed a significant difference between T98 (NFI-

hyperphosphorylated) and U251 (NFI-hypophosphorylated) colony formation, with 

10.4% of plated T98 cells forming colonies compared to 1% of plated U251 cells 
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in the case of ACM (p<0.0001), and 18.8% of plated T98 cells forming colonies 

compared to 11.4% of plated U251 cells in the case of ALLN, (p<0.0001) (Figure 

3.8A). We also observed differences in cell viability that were dependent on the 

NFI-phosphorylation state in U87 (NFI-hyperphosphorylated) and U373 (NFI-

hypophosphorylated) (163) GBM cells at the higher ACM doses using the MTS 

assay (Figure 3.8B). Together, these results suggest that: (i) inhibition of combined 

calpain 1 and 2 activity reduces GBM cell survival/proliferation and (ii) GBM cells 

with hyperphosphorylated NFI may be more resistant to calpain inhibitors than 

GBM cells with hypophosphorylated NFI.  

 

3.3 Discussion 

Despite extensive research, GBM remains a devastating disease, with low 

survival time and poor quality of life (403). The lack of improvement in clinical 

outcome may be attributed to incomplete understanding of biological processes 

underlying GBM tumorigenesis and progression, particularly how tumor cells 

infiltrate normal brain parenchyma. Both calpain and NFI pathways have been 

shown to play key roles in regulating GBM cell migration. Calpain-mediated 

proteolysis of downstream effectors is critical for all aspects of cell migration 

(201,404). More specific to GBM, calpain 2 is required for tumor cell invasion and 

infiltration in vitro and in vivo (194,253). NFI regulates genes essential for neural 

cell migration in developing brain (112,364). In GBM cells, NFI regulates FABP7 

(163,362), a gene associated with increased cell migration and worse clinical 

outcomes in patients (183,184,361,372).  
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In light of: (i) the significant intersection of calpain and NFI functions in both 

normal brain development and GBM and (ii) previous work showing that NFI 

regulates the gene encoding the endogenous inhibitor of calpain, calpastatin 

(CAST), we hypothesized that cross signaling occurs between the NFI and calpain 

pathways. The first empirical evidence supporting NFI-calpain crosstalk was our 

discovery that NFI transcriptional activity is regulated by calcineurin which 

regulates NFI phosphorylation state (164). Calcineurin is a well-known calpain 

downstream effector (282,365,374,375). Our subsequent finding that NFI 

regulates CAST which encodes calpastatin, provided further substantiation for 

NFI-calpain crosstalk in GBM cells (397). 

In this manuscript, we present evidence for a positive feedback loop 

between NFIB and calpain 1 in GBM cells. Both NFIB and calpain 1 play 

paradoxical roles in different types of malignancies. For example, whereas NFIB 

acts as an oncogene in small cell lung cancer (398), it functions as a tumor 

suppressor in cutaneous squamous cell carcinoma (405). Similarly, calpain 1 

expression has been correlated with both higher and lower survival in different 

types of breast cancer (406,407). We found that NFIB can affect calpain 1 activity 

through two different mechanisms in GBM cells, depending on NFIB 

phosphorylation state. When NFIB is hyperphosphorylated (Figure 3.9A), it 

downregulates transcription from an alternative promoter of CAST which contains 

NFI binding elements (397). Consequently, CAST transcription is primarily initiated 

at the canonical promoter, resulting in higher levels of full-length calpastatin which 

has a diffuse cytoplasmic distribution (397). Diffused cytoplasmic calpastatin has 
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been correlated with intracellular activation of calpain (346). Induction of calpain 

autolysis through suppression of calpastatin expression has previously been 

demonstrated for the c-Myc transcription factor (161). On the other hand, when 

NFI is hypophosphorylated (Figure 3.9B), NFIB promotes transcription from the 

alternative CAST promoter, resulting in higher levels of a truncated form of 

calpastatin that lacks the XL domain (397). This XL-less calpastatin preferentially 

localizes to the perinuclear region of the cell (397) and thus is unable to bind and 

prevent the activation of calpain 1 in other compartments of the cytoplasm. 

Moreover, the ~55 kDa autolyzed form of calpain 1 detected in our western blot 

experiments has been shown to have lower affinity for calpastatin compared to the 

full-length form (408). As a result, autolyzed calpain 1 can translocate to the 

nucleus, further insulating itself from the inhibition by calpastatin. Thus, our 

combined data suggest that while mechanistically different, both hyper- and hypo-

phosphorylated NFIB can enhance calpain 1 activity. In support of an NFIB-calpain 

1 positive feedback loop in GBM, we also found that calpain 1 can affect NFIB 

phosphorylation. We have previously shown that NFIB phosphorylation affects its 

transcriptional activity (163,362). Thus, calpain 1 cleaves and activates 

calcineurin, which in turn dephosphorylates NFIB and perpetuates the signaling 

cycle. Whether calpain 1-induced and calcineurin-mediated dephosphorylation 

can be extended to members of the NFI family other than NFIB remains to be 

examined. 

Evidence from the literature suggests various roles for NFIB in cancer cell 

migration. For example, NFIB enhances migration of tumor cells by changing 
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chromatin state and accessibility (173,175). However, NFIB expression can also 

be inversely correlated with cell migration and invasion, as demonstrated in 

osteosarcoma (409). In line with the latter observation, we show that NFIB 

negatively regulates GBM cell migration by downregulating the expression of GBM 

pro-migratory protein FABP7. Intriguingly, hypophosphorylated NFIs have 

previously been shown to up-regulate, not down-regulate, FABP7 expression in 

GBM cells (362). However, closer examination of the data in this paper shows 

similar results to those reported here; i.e. upregulation of FABP7 upon NFIB 

depletion. Brun et al. attributed the effect of NFIB on FABP7 to possible interplay 

between the various members of the NFI family. However, in light of our new data, 

a more likely explanation is that different members of the NFI family play different 

roles in GBM cells. Thus, NFIB, as a negative regulator of FABP7, may counteract 

the oncogenic effect of other NFI members. Also, in agreement with our results, 

there is a correlation between higher levels of NFIB and increased survival in 

patients with classical and mesenchymal GBM tumors (171). Since both U87 and 

U251 are of the mesenchymal GBM subtype (410,411), the association between 

NFIB expression and better clinical outcomes may be explained in part by NFIB-

mediated downregulation of FABP7 expression, resulting in  reduced GBM cell 

migration  

Similar to NFIB, the role of calpain 1 in regulating cell migration varies 

depending on the system being analyzed, perhaps due to functional compensation 

provided by other calpain members. While a number of studies have established 

calpain 2 as an essential promoter of GBM cell migration, the present work may 
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be the first to implicate calpain 1 as a negative regulator of cell migration in GBM. 

A few reports in other systems support an anti-migratory role for calpain 1. For 

example, in bovine aortic endothelial cells, calpain 1 can cleave and generate a 

dominant-negative fragment of RhoA that inhibits cell spreading (213). While we 

were not able to detect the cleaved form of RhoA in GBM cells, possibly due to 

instability of calpain 1-proteolyzed RhoA, we did observe increased levels of full-

length RhoA upon calpain 1 depletion in GBM cells. Calpain 1 depletion in GBM 

cells also led to an increase in the expression of pro-migratory FABP7. These 

combined observations support a link between NFIB, calpain 1, and RhoA/FABP7-

mediated cell migration.  

Over the last few decades, there has been increasing interest in using 

calpain activators and inhibitors for clinical purposes (218,240,393), with attention 

focusing on using calpain inhibitors for the treatment of many pathological 

conditions including neurodegenerative diseases and cancer. Our colony 

formation assay indicates that calpain inhibitors ACM and ALLN can be used to 

significantly reduce GBM cell survival. NFIs, like many other transcription factors, 

remain largely undruggable. Consequently, the existence of crosstalk between NFI 

and calpain may allow targeting of these key pathways with calpain inhibitors. 

However, our Transwell and colony formation data suggest that inhibiting both 

calpains 1 and 2 may also cause increased tumor cell migration, a hallmark of 

tumor infiltration. As the NFIB-calpain 1 positive feedback loop in GBM cells 

appears to suppress tumor cell migration, we suggest that a calpain 1-specific 

agonist holds the most promise for targeting infiltrative GBM cells. Opposite effects 
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for calpain 1 and calpain 2 have been observed in both neurodegeneration and 

synaptic plasticity: calpain 1 is neuroprotective and induces long-term potentiation 

(LTP), in contrast to calpain 2 which promotes neurodegeneration and restricts 

LTP (214). In the context of brain development, calpain 1 acts to maintain the self-

renewing capacity of neural stem cells while calpain 2 promotes the differentiation 

of these cells (215). 

In summary, we report a positive NFIB-calpain 1 feedback loop in GBM cell 

lines. Our results shed light on the molecular basis of the signaling pathways of 

this crosstalk, with calpain 1 inducing NFIB dephosphorylation through cleavage 

and activation of calcineurin and NFIB increasing calpain 1 activity through CAST-

mediated regulation of calpastatin levels and subcellular localization. We also 

provide evidence that NFIB, through NFIB-mediated downregulation of FABP7, 

and calpain 1, likely through calpain 1-mediated proteolysis of RhoA into its 

dominant-negative form (Figure 3.9C), act in concert to suppress GBM cell 

migration. Finally, our data suggest that inhibitors targeting both calpains 1 and 2, 

although useful for reducing tumor mass, may not be of benefit in controlling GBM 

cell migration and infiltration.  

 

3.4 Experimental Procedures 

3.4.1 Cell lines, constructs, transfections and treatments 

T98, U87, U251 and U373 GBM cell lines have been described elsewhere 

(181,362). Cells were cultured in Dulbecco’s modified Eagle’s minimum essential 

medium supplemented with 8% fetal bovine serum (FBS), streptomycin (50 µg/ml), 
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and penicillin (50 units/ml). pCH-NFI expression constructs were a generous gift 

from Dr. R. Gronostajski (Case Western Reserve University). GBM cells were 

transfected with pCH empty vector or NFI-expression constructs using 

polyethyleneimine (PEI) (Polysciences) with a ratio of 5:1 (µg PEI: µg DNA). Co-

transfection of calpain 1 siRNA and NFIB expression construct (pCH-NFIB) was 

carried out using the JetPrime reagent (VWR). Cells were harvested 60 h post-

transfection. 

 

3.4.2 Knockdown of endogenous NFIs and CAPN1 

GBM cells were transfected with the following siRNAs (Life Technologies): 

scrambled (control) siRNAs (Cat. # 12935-200 and 12935-300); NFIA, 

NM_005595_stealth_919 (5’-GAAAGUUCUUCAUACUACAGCAUGA-3’); NFIB-1, 

NM_005596_stealth_1020  (5’-AAGCCACAAUGAUCCUGCCAAGAAU-3’), NFIB-

2, NIFBHSS107131 (5’-GCUGGAAGUCGAACAUGGCACGAAA-3’); NFIC, 

NM_005597_stealth_1045 (5’-CAGAGAUGGACAAGUCACCAUUCAA-3’), NFIX, 

NM_002501_stealth_752 (5’-GAGAGUAUCACAGACUCCUGUUGCA-3’), 

CAPN1-1, CAPN1HSS188701 (5’-CAGAGUGGAACAACGUGGACCCAUA-3’), 

CAPN1-2, CAPN1HSS101345  (5’-CCGUACCACUUGAAGCGUGACUUCUU-3’). 

Ten nM of each siRNA was introduced into GBM cells using the RNAiMAX 

Lipofectamine reagent (Invitrogen) according to the manufacturer’s instruction. 

Cells were trypsinized and replated 48 h post-transfection (1:6) for the second 

round of siRNA. Cells were harvested 60 h after the second transfection. 
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3.4.3 Reverse transcription (RT) and quantitative polymerase chain 

reaction (qPCR) 

The TRIzol® reagent (ThermoFisher Scientific) was used to isolate total 

RNA from GBM cells. First-strand cDNA synthesis was carried out with Superscript 

II® reverse transcriptase (Invitrogen). For RT-PCR, primers specific to CAPN1, 

CAPN2, CAPSN1 and ACTB were used to amplify cDNA (Table 1). For RT-qPCR, 

cDNAs were amplified using primers flanking a unique region of CAPN1 with the 

BrightGreen® qPCR master mix (ABM Scientific). Raw signals were first 

normalized to GAPDH and then to the respective scrambled siRNA control to 

generate relative fold change data. 

 

3.4.4 Western blot analysis 

Whole cell lysates were prepared by lysing cells in modified RIPA buffer [50 

mM Tris-HCl pH 7.5, 1% sodium deoxycholate, 1% Triton X-100, 150 mM NaCl, 

50 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM EDTA, 0.1% SDS, 

0.5 mM PMSF, 1X cOmplete protease inhibitor (Roche Applied Science), and 1X 

PhosSTOP phosphatase inhibitor (Roche Applied Science)]. For λ-phosphatase 

(NEB) treatment, 10 μg of nuclear lysates were incubated with either water 

(negative control) or 400 units of λ-phosphatase for 1 h at 30°C in the supplied 

reaction buffer, supplemented with 1 mM MnCl2. Whole cell and nuclear lysates 

were resolved in polyacrylamide-SDS gels and transferred to nitrocellulose 

membranes. Blots were then immunostained with rabbit anti-calpastatin antibody 

(1:5,000, Abcam, cat.# ab5582), mouse anti-calpain 1 antibody (1:500, Santa 
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Cruz, cat.# sc-271313), rabbit anti-calpain 2 antibody (1:1000, Santa Cruz, cat.# 

sc-30064), mouse anti-calcineurin antibody (1:1000, Pharmingen, clone G182-

1847), rabbit anti-NFIB antibody (1:2500, Invitrogen, cat.# PA5-52032), mouse 

anti-RhoA antibody (1:500, Santa Cruz, cat#: sc-418), mouse anti-lamin A/C 

antibody (1:1,000, ThermoFisher Scientific, cat.# MA3-1000), mouse anti-α-tubulin 

(1:100,000, Hybridoma Bank, clone 12G10), or mouse anti-β-actin antibody 

(1:100,000, Sigma Aldrich, clone AC-15). Proteins of interest were visualized using 

horseradish peroxidase-conjugated secondary antibody (Jackson 

ImmunoResearch Biotech) with the Immobilon (EMD Millipore) or ECL (GE 

Healthcare) chemiluminescent HRP substrate. 

 

3.4.5 Cytoplasmic and nuclear fractionation 

Nuclear and cytoplasmic fractionation was carried out using the NE-PER kit 

(ThermoFisher Scientific) with modification for nuclear fractionation. Briefly, 

cytoplasmic lysates were prepared using the supplied reagents supplemented with 

1X cOmplete protease inhibitors and 1X PhosSTOP. Nuclei were obtained by 

centrifugation of cytoplasmic lysates. Purified nuclei were lysed in modified RIPA 

buffer as described in the previous section. For λ-phosphatase treatment, 

cytoplasmic and nuclear fractionation was carried out in the absence of EDTA and 

phosphatase inhibitors (sodium fluoride, sodium orthovanadate and PhosSTOP). 

To shear chromatin, nuclear lysates were subjected to 20 cycles of sonication at 

4°C (high output, 30 s power on and 30 s power off) using a Bioruptor 300® 
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sonicator (Diagenode). Nuclear debris was pelleted by centrifugation. The 

supernatant was then removed and used as nuclear lysates. 

 

3.4.6 Calpain activity assay  

Calpain proteolytic activity was measured using the fluorogenic Calpain 

Activity Assay Kit (Calbiochem). Briefly, whole cell lysates were prepared from U87 

and U251 GBM cells using the supplied lysis buffer. Changes in fluorescence 

intensity upon substrate cleavage was measured in buffers that promote 

(Activation buffer) or suppress (Inhibition buffer) calpain activity using the 

FLUOstar Optima microplate reader (355 nm excitation and 480 nm emission, 

BMGLABTECH). Raw data obtained with the Activation buffer were normalized 

against those obtained with the Inhibition buffer. Relative fold change in 

fluorescence intensity was generated by normalizing each data point to the 

respective scrambled siRNA control. 

 

3.4.7 Transwell migration assay  

U251 and U87 GBM cells were transfected with the indicated siRNAs and 

plasmid-based expression constructs. Thirty thousand cells in FBS-free DMEM 

were seeded in the top chamber of a Falcon Cell Culture Inserts (Fisher Scientific). 

Cells were allowed to migrate through an 8-μm polyethylene terephthalate (PET) 

membrane towards a chemoattractant (DMEM +10% fetal calf serum) in the 

bottom chamber for 20 h. Cells were then fixed with 100% cold methanol for 20 

minutes and stained with 1% crystal violet in 20% methanol for 30 minutes. 

Migrated cells were imaged using a Zeiss Axioskop2 plus microscope using 
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multiple fields covering the whole surface of the inserts. Cell counting was carried 

out using MetaMorph software (Molecular Devices). 

 

3.4.8 MTS assay 

U87, T98, U251 and U373 GBM cells were transfected with the indicated 

siRNAs as previously described or treated with the indicated concentrations of 

ACM. Cell metabolism, a surrogate of cell viability, was measured using the 

CellTiter 96® Non-Radioactive Cell Proliferation MTS Assay (Promega). Briefly, 

~3,500 siRNA-transfected cells were seeded in 96-well plates in triplicate and 

allowed to grow for 48 h. For ACM treatment, ~3,500 cells were seeded and 

allowed to recover for 24 h and then incubated with the drug for an additional 36 

h. Next, twenty uL of MTS reagent was added to each well and then incubated for 

an additional 2 h. Absorbance was measured using the FLUOstar OPTIMA 

microplate reader with the absorbance wavelength of 495 nm. Relative fold change 

was generated by normalizing absorbance values to their respective scrambled 

siRNA or DMSO controls. 

 

3.4.9 Colony formation assay 

The colony formation assay was carried out as previously described (412). 

Briefly, ~500 T98 or U251 GMB cells were plated in triplicate and treated with the 

indicated doses of ACM or ALLN. After 24 h, the medium was changed followed 

by washing with PBS to remove traces of drug. Cells were allowed to grow for an 

additional 12 days and then fixed and stained with 1% crystal violet in 70% ethanol. 

Colonies (>30 cells) were counted. 
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3.4.10 Immunofluorescence analysis 

For immunofluorescence analysis, siRNA-transfected GBM cells were 

plated onto glass coverslips. Cells were allowed to recover for 24 h and then fixed 

with 4% paraformaldehyde for 10 min at room temperature. Cells were then 

permeabilized with 0.25% Triton X-100 for 4 min. To reduce background staining, 

cells were blocked with 3% BSA for 45 min at room temperature. Cells were then 

immunostained with rabbit anti-calpastatin (1:100, Santa Cruz, cat.# sc-20779), 

mouse anti-calpain 1 antibody (1:10, Santa Cruz, cat.# sc-271313), mouse anti-

calcineurin antibody (1:50, Pharmingen, clone G182-1847) and rabbit anti-NFIB 

antibody (1:400, Life Technologies, cat.# PA5-52032). Signals were visualized 

using Alexa 488-conjugated donkey anti-rabbit or Alexa 555-conjugated donkey 

anti-mouse secondary antibodies (both at 1:400, Life Technologies). Nuclei were 

stained with 4′,6-diamidino-2-phenylindole (DAPI, CalBiochem). Images were 

acquired with a X40/1.3 oil immersion objective lens on a Zeiss LSM 710 confocal 

microscope using Zeiss ZEN imaging software. For quantification of calpain 1 and 

calcineurin subcellular localization, fluorescence signal intensity values were 

calculated for at least 300 cells (100 cells for each biological replicate) using the 

MetaXpress software (Molecular Devices), with DAPI being used as the marker for 

the nuclear region. Data are presented as relative percentage of nuclear over 

cytoplasmic fluorescence intensity. For quantification of NFIB nucleolus 

localization, at least 300 random cells (100 cells for each biological replicate) were 

assessed for the absence of NFIB immunostaining in the nucleolus region. Data 
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are presented as percentage of cells negative for nucleolar NFIB related to total 

number of cells counted.  
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       Table 3.1. Primer Sequences 

 

 

 

 

 

 

 

     

 

Locus Forward Primer (5’ to 3’)  Reverse Primer (5’ to 3’) 
GAPDH ACCAGGGAGGGCTGCAGT CAGTTCGGAGCCCACACG 
CAPN1 CACCACACTCTACGAAGGCA ACGCTTCAAGTGTACGGCC 
CAPN2 TAACGGAAGCCTACAGAAACT TTTTTGCTGAGGTGGATGTTG 
CAPNS1 CCAACGAGAGTGAGGAGGT TGACCAAGCAGCTGATGAAG 
ACTB CTGGCACCACACCTTCTAC CATACTCCTGCTTGCTGATC 
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Figure 3.1. NFI directly regulates CAST but not calpain genes 

(A) Whole cell lysates were prepared from T98 and U251 cells transfected with the 

indicated siRNAs (left) or NFI expression constructs (right). Proteins were 

separated by SDS-PAGE, electroblotted onto nitrocellulose membranes, 

immunoblotted with a rabbit anti-calpastatin monoclonal antibody or a mouse anti-

β-actin antibody. Numbers underneath each lane represent fold changes in 

densitometric values relative to actin compared to control transfections (N=2). (B 

and C) U87 and U251 cells were transfected with siRNAs specific to each NFI 

member and total RNA extracted using the TRIzol reagent. (B) cDNA was PCR 

amplified using primers flanking the indicated genes, with actin serving as a 

loading control. (C) cDNA was amplified by qPCR using CAPN1-specific primers. 

Relative fold changes were generated by normalizing CAPN1 data to those of 

GAPDH and then to the internal scrambled siRNA control. Results are 

representative of three independent experiments. 
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Figure 3.2. Changes in cytoplasmic and nuclear calpain 1 levels upon NFIB 

knockdown 

U87 and U251 cells were transfected with scrambled (control) siRNAs or two 

different siRNAs targeting NFIB. Cytoplasmic (A), nuclear (B), or both cytoplasmic 

and nuclear (C) lysates were prepared using the NE-PER kit, electrophoresed on 

polyacrylamide gel and transferred to nitrocellulose membranes. Blots were 

immunostained with mouse anti-calpain 1 and rabbit anti-calpain 2 antibodies. α-

tubulin and lamin A/C served as loading controls for the cytoplasmic and nuclear 

fractions, respectively. Histograms represent relative fold changes in densitometric 

values compared to scrambled siRNA control (N=3) (n.s, p-value >0.05, **p-value 

<0.01, and ****p-value <0.0001). (C) Blots are representative of three independent 

experiments. Abbreviations: C - cytoplasmic; N - nuclear. 
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Figure 3.3. Changes in calpastatin and calpain 1 subcellular localization 

upon NFIB depletion 

 U87 (A) or U251 (B) cells were transiently transfected with scrambled (control) 

siRNAs or an NFIB-specific siRNA and then plated on coverslips. Cells were 

cultured for 24 h and then fixed with 4% paraformaldehyde and immunostained 

with either rabbit anti-calpastatin (A) or mouse anti-calpain 1 (A and B) antibodies 

followed by Alexa 488 (rabbit, green)- or Alexa 555 (mouse, red)-conjugated 

secondary antibodies, respectively. Nuclei were visualized with DAPI (blue) and 

images acquired with a 40X/1.3 oil immersion lens using the Zeiss LSM 710 

confocal microscope and Zeiss ZEN imaging software. Bars, 20 µm. Images are 

representative of the majority of cells observed under each condition and are 

derived from three independent experiments. (C) For quantification of calpain 1 

subcellular localization, fluorescence intensity values in the red channel (calpain 

1) were generated for nuclear (DAPI as marker) and cytoplasmic fractions using 

300 random U251 cells (100 cells for each biological replicate). Data are presented 

as percent nuclear fluorescence intensity relative to cytoplasmic fluorescence 

intensity. (***p-value <0.001, and ****p-value <0.0001). 
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Figure 3.4. Effects of NFIB depletion on calpain activity and GBM cell 

migration and viability 

(A-C) U87 and U251 cells were transfected with scrambled siRNAs or siRNAs 

targeting NFIB. (A) Calpain activity was assessed by measuring the cleavage of a 

synthetic substrate provided in the Calpain Activity Fluorometric Assay Kit 

(CalBiochem). Fluorescent signals obtained in a buffer that activates calpain 

activity was normalized against fluorescent signals obtained in a buffer that inhibits 

calpain activity. Relative fold change was obtained by normalizing the scrambled 

siRNA control to 1. (B) Thirty thousand cells in FBS-free DMEM were seeded in 

the top chambers of Falcon Cell Culture Inserts in a 24-well plate. Directional 

migration was induced by supplementing the medium in the bottom chamber with 

10% FBS. After 20 h, cells that had migrated through the porous membrane of the 

inserts were fixed with methanol and stained with crystal violet. Migrated cells were 

imaged with the Zeiss Axioskop2 plus microscope. Cells were counted using 

MetaMorph software. Bars, 200 μm. (C) Cell metabolism, used as a surrogate for 

cell viability, was measured using the MTS assay. Thirty-five hundred cells were 

seeded in 96-well plates. After 48 h, cells were incubated with the MTS reagent for 

2 h. Fluorescence emission (495 nm) was measured using the FLUOstar Optima 

plate reader and then normalized to the scrambled siRNA control. Each 

experiment was repeated at least three times. (n.s., p-value>0.05, ***p-value 

<0.001 and ****p-value <0.0001).  
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Figure 3.5. Calpain 1 depletion affects levels of calpastatin and calcineurin 

as well as NFIB dephosphorylation 

(A) Cytoplasmic and (B) nuclear lysates were prepared from U251 cells transiently 

transfected with scrambled siRNAs or siRNAs targeting calpain 1 (siCAPN1-1 and 

siCAPN1-2). Numbers represent relative fold changes in densitometric values 

compared to control transfections (N=2). The asterisk indicates the cleaved form 

of calcineurin. (C) Nuclear fractions were prepared from U87 and U251 cells 

transfected with scrambled siRNAs (CNT) or siRNAs targeting calpain 1 

(siCAPN1-1 and siCAPN1-2). Blots are representative of three independent 

experiments. The asterisk indicates the hyperphosphorylated forms of NFIB. (D) 

Nuclear extracts were prepared from U251 cells transfected with CAPN1-1 siRNA 

in the absence of phosphatase inhibitors and then treated with λ-phosphatase for 

1 h at 30°C. Blots are representative of two independent experiments. (A-D) 

Proteins were electrophoresed on SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes. Blots were immunostained with mouse anti-calpain 1, 

mouse anti-calcineurin, rabbit anti-calpastatin and rabbit anti-NFIB antibodies. α-

tubulin and lamin A/C were used as loading controls for cytoplasmic and nuclear 

fractions, respectively. 
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Figure 3.6. Changes in calcineurin and NFIB subcellular localization upon 

calpain 1 depletion 

U251 (A,B) or U87 (C) cells were transiently transfected with scrambled siRNAs or 

a calpain 1-specific siRNAs and then plated on coverslips. Cells were cultured for 

24 h and then fixed with 4% paraformaldehyde and immunostained with rabbit anti-

NFIB and mouse anti-calcineurin antibodies followed by Alexa 488 rabbit (green)- 

or Alexa 555 mouse (red)-conjugated secondary antibodies, respectively. Nuclei 

were visualized with DAPI (blue) and images acquired with a 40X/1.3 oil immersion 

lens using the Zeiss LSM 710 confocal microscope and Zeiss ZEN imaging 

software. Bars, 50 μm (A) and 5 μm (insets); 20 µm (C). Images are representative 

of the majority of cells observed under each condition and are derived from three 

independent experiments. (B) Three hundred random U251 cells (100 cells for 

each biological replicate) were used for NFIB and calcineurin quantification. For 

NFIB nucleolus localization, cells showing absence of nucleolar staining in the 

green channel (NFIB) were manually counted. Data are presented as percent of 

cells negative for nucleolar NFIB immunostaining relative to total number of cells 

counted. For calcineurin subcellular localization, fluorescence intensity values in 

the red channel (calcineurin) were generated for nuclear (DAPI as marker) and 

cytoplasmic fractions. Data are presented as percent nuclear fluorescence 

intensity relative to cytoplasmic fluorescence intensity. (**p-value <0.01, ***p-value 

<0.001, and ****p-value <0.0001). 
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Figure 3.7. Effects of calpain 1 depletion on GBM cell migration and viability 

U87 (A) and U251 (B) cells were transfected with scrambled (CNT) siRNAs or 

siRNAs targeting either calpain 1 alone or both calpain 1 and NFIB. (C) U251 cells 

were co-transfected with siRNAs (CNT: scrambled siRNAs or CAPN1-1: calpain 

1-specific siRNA) and DNA construct (Empty: parent pCH vector; NFIB: pCH-NFIB 

expression construct) using the JetPrime reagent. Thirty thousand U87 (A) or U251 

(B and C) cells in fetal calf serum-free DMEM were seeded in the top chambers of 

Falcon Cell Culture Inserts in a 24-well plate. Directional migration was induced, 

imaged, and quantified as described in Figure 3.4B. Bars, 200 μm. (A, B) CNT 

panels are shared with Figure 3.4B as these transfections were carried out at the 

same time, but are reported separately to focus on the effect of NFIB depletion 

(Figure 3.4B) or calpain 1 depletion (Figs. 7A, B) on glioblastoma cell migration. 

(D) Whole cell lysates were prepared from U251 cells transiently transfected with 

scrambled siRNAs or siRNAs targeting calpain 1 (siCAPN1-1 and siCAPN1-2). (E) 

Whole cell lysates were prepared from U251 cells transfected with an NFIB 

expression construct or co-transfected with calpain 1 siRNA and an NFIB 

expression construct. (D, E) Cell lysates were electrophoresed in SDS-

polyacrylamide gels and transferred to nitrocellulose membranes. Blots were 

immunostained with mouse anti-RhoA, rabbit anti-FABP7 and mouse anti-actin 

antibodies. Numbers represent relative fold changes in densitometric values 

compared to control transfections (N=2). (F) U87 and U251 cells were transfected 

with the indicated siRNAs as outlined in panels A and B, respectively. Cell viability 

was measured using the MTS assay as described in Figure 3.4C. Each experiment 
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(except for D and E) was repeated at least three times. (n.s., p-value>0.05, **p-

value<0.01, and ****p-value <0.0001).  
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Figure 3.8. Effects of calpain inhibitors on GBM cell clonogenic survival 

(A) Five hundred T98 (NFI-hyperphosphorylated) or U251 (NFI-

hypophosphorylated) cells were treated with increasing doses of aclacinomycin A 

(ACM) or calpain inhibitor I (ALLN). After 24 h, the drugs were removed, and cells 

allowed to grow for another 12 days. Cells were then fixed and stained with 1% 

crystal violet in 70% ethanol. Colonies (colony defined as >30 cells) were counted. 

(B) Cell metabolism, a surrogate for cell viability, was measured using the MTS 

assay. Thirty-five hundred U87 (NFI-hyperphosphorylated) or U373 (NFI-

hypophosphorylated) cells were seeded in triplicate in 96-well plates. After 24 h, 

cells were treated with indicated concentrations of ACM. At 36 h post treatment, 

cells were incubated with the MTS reagent for an additional 2 h. Fluorescence 

emission (495 nm) was measured using the FLUOstar Optima plate reader and 

then normalized to the scrambled siRNA control. Each experiment was repeated 

three times. (**p-value <0.01 and ****p-value <0.0001). 
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Figure 3.9. Proposed models for the NFIB-calpain 1 positive feedback loop 

and how it negatively regulates GBM cell migration. 

(A) In NFI-hyperphosphorylated GBM cells, low levels of calcineurin (CnA) result 

in basally-hyperphosphorylated NFIB. CnA, in turn, is cleaved and activated by 

autolyzed calpain 1 in the nucleus. Hyperphosphorylated NFIB does not 

upregulate the alternative promoter containing NFI binding sites, resulting in higher 

levels of full-length calpastatin which has a diffuse distribution in the cytoplasm. 

Diffused calpastatin is unable to effectively prevent the autolysis and activation of 

full-length calpain 1, resulting in a small amount of autolyzed calpain 1. This 

autolyzed calpain 1, with low affinity for calpastatin, translocates into the nucleus 

resulting in low levels of CnA activation, repeating the signaling cycle. (B) In NFI-

hypophosphorylated GBM cells, NFIB is dephosphorylated by high levels of CnA 

in the nucleus. Hypophosphorylated NFIB upregulates the alternative CAST 

promoter, resulting in increased levels of a truncated form of calpastatin that lacks 

the XL domain. This XL-less calpastatin preferentially localizes to the perinuclear 

region of the cell. As a result, calpastatin is unable to bind calpain 1 in other 

compartments of the cytoplasm. The majority of free cytoplasmic calpain 1 

undergoes autolysis, producing high levels of autolyzed calpain 1. The latter 

accumulates in the nucleus, resulting in increased levels of cleaved and activated 

CnA, which in turn further dephosphorylates NFIB, perpetuating the positive 

feedback loop. (C) The calpain 1-NFIB positive feedback loop negatively regulates 

GBM cell migration through calpain 1-mediated proteolysis of RhoA (generating a 
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dominant-negative fragment) and NFIB-mediated downregulation of FABP7 

expression.  
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CHAPTER 4: NUCLEAR FACTOR IA AND CALPAIN 2 POSITIVE FEEDBACK 

LOOP POSITIVELY REGULATES GLIOBLASTOMA CELL MIGRATION AND 

CELL SURVIVAL  
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4.1 Introduction 

WHO grade IV astrocytoma, also known as glioblastoma (GBM), is the most 

common and lethal form of adult brain tumours (57). Despite aggressive standard-

of-care, including surgical resection, radiation and chemotherapy, GBM remains 

virtually incurable, with low survival times (~15 months) and poor quality of life 

(30,55). Failure of local and systemic therapies, resulting in inevitable tumour 

recurrence, can be attributed, at least in part, to the highly infiltrative nature of GBM 

cells (354-356). Although second-line treatment is available for GBM, it is primarily 

of palliative nature, with most patients succumbing to the disease soon after 

recurrence (357-359). As a result, targeting infiltrative GBM cells may be of clinical 

benefit; however, the molecular mechanisms underlying GBM cell 

migration/infiltration remain largely unknown. 

We and others have implicated the Nuclear Factor I (NFI) family of 

transcription factors in the regulation of genes critical for gliogenesis and neural 

cell migration (112,117). There are four members of the NFI family, including NFIA, 

NFIB, NFIC and NFIX (413). NFIs bind as homodimers or heterodimers, with 

similar affinities, to the palindromic consensus sequence 5’-TTGGCN(3-

6)GCCAA-3’ through their highly conserved N-terminal DNA-binding domains 

(117). However, because of their variable C-terminal transactivation domain, NFI 

members can exert specific effects on the same promoter depending on tissue 

context (117,362). We have previously demonstrated that NFI regulates the 

expression of FABP7 (brain fatty acid-binding protein) (362,364). As a neural stem 

cell marker, FABP7 expression has been correlated with both increased GBM cell 
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migration and worse clinical prognoses for GBM patients (183,184,361,372). In 

addition, NFI also regulates GFAP (glial fibrillary acidic protein), a marker of glial 

cell differentiation in GBM cells (117,362,364). We have shown that NFI is 

differentially phosphorylated in GBM cells, with the hypophosphorylated form of 

NFI associated with GFAP and FABP7 expression (362). Dephosphorylation of 

NFI is mediated by the calcineurin phosphatase (164). 

Calcineurin is a well-known target of calpain, a family of calcium-dependent 

proteases, with calpain-mediated proteolysis of calcineurin resulting in higher 

activity of this phosphatase (196,282,365). To date, at least 15 members of the 

calpain family have been identified. Amongst these are calpain 1 (µ-calpain) and 

calpain 2 (m-calpain), named after the in vitro calcium concentrations (micro (μ)- 

or milli (m)-molar) required for their proteolytic activity (196).  Both calpains 1 and 

2 are comprised of two subunits: a common small subunit  (CAPSN1) and a large 

subunit that is unique to each calpain (CAPN1 for μ-calpain or CAPN2 for m-

calpain) (218). Calpain is an important regulator of cell migration (195). 

Importantly, calpain 2 has been reported to be essential for in vitro and in vivo 

infiltration of GBM cells (249,253). 

Dysregulation of calpain is associated with many pathological conditions 

including neurodegeneration, cardiomyopathy, and cancer (196,218). As a result, 

calpain proteolytic activity is tightly regulated by a variety of intra- and inter-

molecular mechanisms. Calpain activation occurs concomitant with 

autoproteolysis, hereafter abbreviated as autolysis (196). This process lowers the 

amount of calcium needed for calpain to reach half-maximal proteolytic activity, but 
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also results in reduction of calpain stability by aggregation (299). In vertebrate 

cells, however, calpain activity is primarily regulated by its endogenous inhibitor, 

calpastatin (366). Calpastatin is highly specific to calpain and does not inhibit any 

other proteases tested so far (366). Calpastatin inhibits calpain proteolytic activity 

as well as its autolysis (392). 

Interestingly, the CAST gene, encoding calpastatin, is regulated by NFI in 

GBM cells (397). We have shown that NFI, through the use of different CAST 

promoters, can alter the relative ratio of full-length to truncated calpastatin 

isoforms, with accompanying changes in calpastatin subcellular localization 

(369,397). NFI-mediated regulation of CAST is dependent on NFI’s 

phosphorylation state (397). Building upon previous findings, we have also 

established a positive feedback loop between NFIB and calpain 1 in GBM cells. 

We demonstrated that this positive feedback loop functions to suppress GBM cell 

migration but appears to have little to no role in GBM cell viability. Here, we show 

that NFIA also forms a positive feedback loop with calpain 2 in GBM cells. Unlike 

the NFIB-calpain 1 positive feedback loop, however, NFIA and calpain 2 may act 

in concert to promote both GBM cell migration and survival. 

 

4.2 Results 

4.2.1 NFIA does not transcriptionally regulate calpain 2 gene  

We have previously shown that all members of the NFI family negatively 

regulate the expression of calpastatin through the transcriptional regulation of 

CAST in GBM cells (Chapter 2 and 3). We also demonstrated that the effect of 
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NFIB on calpain 1 is primarily mediated through calpastatin, rather than being a 

consequence of the transcriptional regulation of calpain 1 by NFIB (Chapter 3). We 

were interested in whether NFIs might also play a role in calpain 2 activation. To 

address the possibility that calpain 2 might be a target of NFI, we transiently 

depleted each NFI in U87 and U251 GBM cells using NFI-specific siRNAs and 

carried out RT-qPCR with primers flanking the large (CAPN2) and small (CAPSN1) 

subunits of calpain 2. Knocking down NFIs had no effect on the RNA levels of 

either CAPN2 or CAPSN1 (Figure 4.1A and B). The efficacy of these NFI siRNAs 

to knockdown NFIs has been demonstrated in our previous studies (362,397). 

These results suggest that, similar to calpain 1, NFI does not transcriptionally 

regulate the expression of calpain 2.  

 

4.2.2 NFIA induces increased levels of autolyzed calpain 2 in the nucleus of 

GBM cells. 

 Although NFIB forms a positive feedback loop with calpain 1, it does not 

appear to affect levels of calpain 2 (Chapter 3). As a result, we were interested to 

see if other members of the NFI family could cross signal with calpain 2. Of the 

three remaining NFIs, the role of NFIA in cancer, specifically GBM, is best 

documented (126,127,170). For this reason, we decided to focus our investigations 

on NFIA. Since a direct interaction is required for calpain 2 to proteolyze its 

downstream effectors and calpain 2 is found in both the cytoplasm and nucleus, 

we asked whether NFIA can affect the subcellular distribution of calpain 2. We 

carried out cytoplasmic and nuclear fractionation experiments using U87 and U251 
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GBM cells transiently transfected with either scrambled siRNAs (control) or NFIA-

specific siRNAs. Cytoplasmic and nuclear fractions were electrophoresed on SDS-

polyacrylamide gels and immunoblotted with an antibody specific to either calpain 

1 or calpain 2. Depletion of NFIA had no consistent effects on levels of cytoplasmic 

or nuclear calpain 1 (Figure 4.1C).  

We detected two forms of calpain 2 in the cytoplasmic extracts of both U87 

and U251 GBM cell lines, with molecular weights of ~80 kDa and ~60 kDa (Figure 

4.1C). The higher molecular weight band is full-length calpain 2 and the smaller 

fragment is an autolyzed form of calpain 2 previously described in chicken 

(285,414). NFIA knockdown had little to no effect on cytoplasmic calpain 2 in either 

U87 or U251 GBM cells (Figure 4.1C). In contrast, we observed only one form of 

calpain 2, with a molecular mass of ~55 kDa, in the nuclear extracts of GBM cells, 

suggesting that either autolysis is required for the nuclear translocation of calpain 

2 or calpain 2 autolysis occurs with high efficacy in the nucleus (Figure 4.1C). A 

~55 kDa autolyzed calpain 2 isoform has previously been described in both 

neuronal and muscle cells (415,416). Interestingly depletion of NFIA resulted in 

decreased levels of the ~55 kDa form of calpain 2 in both U87 and U251 GBM 

cells, with a more noticeable reduction observed in U251 cells (Figure 4.1C). Lamin 

A/C and α-tubulin were used as loading controls for the nuclear and cytoplasmic 

fractions, respectively. Together, our results indicate that NFIA expression is 

associated with higher levels of autolyzed calpain 2 in the nucleus but has little to 

no effect on cytoplasmic calpain 2. 
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4.2.3 NFIA depletion does not affect calpastatin subcellular localization 

but induces loss of nuclear calpain 2 and calcineurin 

 Knocking down NFIB in NFI-hyperphosphorylated GBM cells results in the 

aggregation of calpastatin in the cytoplasm, whereas knockdown of NFIB in NFI-

hypophosphorylated GBM cells leads to increased levels of calpastatin in the 

nucleus (Chapter 3). To examine whether NFIA has similar effects on calpastatin 

subcellular distribution, we transfected NFI-hyperphosphorylated U87 GBM cells 

and NFI-hypophosphorylated U251 GBM cells with control and NFIA-specific 

siRNAs and examined the subcellular distribution of calpastatin by 

immunofluorescence microscopy. Surprisingly, NFIA depletion had no noticeable 

effect on the subcellular distribution of calpastatin in either cell line (Figure 4.2). 

These results suggest that, unlike NFIB and calpain 1, the subcellular location of 

calpastatin may not play a significant role in the crosstalk between NFIA and 

calpain 2. 

 To determine whether loss of NFIA causes any changes in the subcellular 

distribution of calpain 2 and its target, calcineurin, we repeated the aforementioned 

transfection experiments and immunofluorescence analysis with antibodies to 

calpain 2 and calcineurin. In agreement with our western blot data, loss of NFIA in 

either U87 or U251 cells resulted in reduced levels of nuclear calpain 2, with a 

stronger effect observed in U251 cells (Figure 4.3). Similarly, knocking down NFIA 

also led to reduced levels of nuclear calcineurin in both cell lines, with a more 

noticeable decrease in U251 compared to U87 cells (Figure 4.3). These results 
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suggest that NFIA induces the accumulation of calpain 2 and calcineurin in the 

nucleus of GBM cells. 

  

4.2.4 NFIA enhances calpain proteolytic activity, GBM cell survival and 

migration 

 We have previously shown that depletion of NFIB in GBM cells results in 

reduced calpain proteolytic activity (Chapter 3). To determine if calpain proteolytic 

activity is also affected by NFIA, we transiently transfected U87 and U251 GBM 

cells with two NFIA-specific siRNAs and then measured calpain-specific cleavage 

of a fluorometric substrate. NFIA knockdown in both cell lines led to reduced 

calpain proteolytic activity (Figure 4.4A). Specifically, NFIA depletion in U87 cells 

resulted in decreased levels of fluorescence intensity, to 0.37-fold (siNFIA-1, 

p<0.01) and 0.43-fold (siNFIA-2, p<0.001), compared to control cells (Figure 4.4A, 

left panel). Similarly, NFIA knockdown in U251 cells led to decreased levels of 

fluorescence intensity, to 0.34-fold (siNFIA-1, p<0.0001) and 0.42-fold (siNFIA-2, 

p<0.001), compared to control cells (Figure 4.4A, right panel). 

 We also investigated the consequence of reduced calpain proteolytic 

activity, induced by NFIA depletion, on GBM cell migration using the Transwell 

assay. Knocking down NFIA in U251 cells resulted in a 0.67-fold decrease in 

numbers of migrating cells compared to control-transfected U251 cells (Figure 

4.4B). These results suggest that NFIA promotes GBM cell migration. Finally, we 

examined the effect of NFIA depletion on GBM cell viability using the MTT assay, 

which measures metabolism and is a surrogate assay for cell viability (400). NFIA 
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depletion resulted in decreased cell viability in both U87 (0.59-fold p<0.0001) and 

U251 (0.54-fold, p<0.001) cells (Figure 4.4C). Together, these findings indicate 

that, unlike NFIB, NFIA appears to enhance GBM cell survival, and the effect of 

NFIA on cell survival is independent of NFI phosphorylation status. 

 

4.2.5 Calpain 2 increases NFI transcriptional activity through calcineurin 

 Calpain 2 has been shown to cleave calcineurin in a wide variety of 

biological contexts (282,365,374,375). To examine whether calpain 2 can also 

affect calcineurin subcellular localization in GBM cells, we transiently transfected 

NFI-hypophosphorylated U251 cells with siRNAs targeting calpain 2. We 

examined calcineurin distribution by immunofluorescence microscopy.  Similar to 

calpain 1 knockdown, depletion of calpain 2 also resulted in loss of calcineurin in 

the nucleus of U251 cells (Figure 4.5B).  

 We have previously demonstrated that NFI is hypophosphorylated by 

calcineurin in U251 cells, with hypophosphorylated NFI upregulating FABP7 

expression. To indirectly investigate the consequence of loss of nuclear calcineurin 

on NFI transcriptional activity, we depleted NFIA in U251 GBM cells using two 

NFIA-specific siRNAs and examined FABP7 levels by western blotting. We 

observed a reduction in the levels of FABP7 in U251 cells, suggesting that NFI 

transcriptional activity may have been reduced upon loss of calpain 2 (Figure 4.5, 

left panels). Efficiency of calpain 2 knockdown is shown in Figure 4.5A. Actin was 

used as loading control.  
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4.2.6 Calpain 2 enhances GBM cell survival and migration 

To examine whether our proposed NFIA and calpain 2 crosstalk affects 

GBM cell migration and cell survival, we transfected U87 and/or U251 GBM cells 

with siRNAs targeting either calpain 2 alone or both calpain 2 and NFIA. Like NFIA 

knockdown, calpain 2 depletion led to a 0.54-fold reduction (p<0.05) in U251 cell 

migration (Figure 4.6A). Co-depletion of NFIA and calpain 2 in U251 GBM cells did 

not lead to a statistically significant decrease in the number of migrated cells 

compared to calpain 2 depletion alone (Figure 4.6A). These results suggest that: 

(i) calpain 2, similar to NFIA, enhances GBM cell migration and (ii) these two 

proteins are likely to function in a common pathway that positively regulates GBM 

cell migration. Also, knocking down either calpain 2 or both NFIA and calpain 2 

resulted in decreased U87 (0.61-fold, p<0.001) and U251 (0.45-fold, p<0.0001) 

cell survival compared to control cells as measured by the MTS assay (Figure 

4.6B). In addition, compared to calpain 2 single knockdown, co-depletion of both 

calpain 2 and NFIA resulted in a minor but statistically significant reduction in the 

survival of both U87 cells (0.61-fold for single knockdown versus 0.41-fold for co-

depletion, p<0.05, both relative to scrambled siRNA transfected cells) and U251 

cells (0.45-fold for single knockdown versus 0.27-fold for co-depletion, p<0.05, 

both relative to scrambled siRNA transfected cells) (Figure 4.6B). These results 

suggest that NFIA and calpain 2 may act in concert to enhance GBM cell survival. 

However, unlike the regulation of GBM cell migration, it is most likely that NFIA 

and calpain 2 function in multiple independent pathways that positively regulate 

GBM cell survival. 
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4.3 Discussion 

Since FDA approval of temozolomide in 1999, there has been little 

improvement in GBM clinical outcomes despite recent advances on both the 

biological and technological fronts. On the one hand, intra- and inter-tumour 

heterogeneity, together with the anatomical location of the brain, pose significant 

barriers to the development of new anti-GBM therapeutics. On the other hand, 

early and extensive tumour infiltration severely limits the ability of current standard-

of-care approaches to fully eradicate GBM cells, leading to inevitable tumour 

recurrence. In previous attempts to unravel the molecular mechanisms underlying 

GBM infiltration, we showed that the NFI family of transcription factors play key 

roles in regulating expression of genes involved in GBM cell migration. Specifically, 

we found that NFI regulates FABP7 (362), the expression of which correlates with 

GBM cell invasion in vitro and a worse patient prognosis (163,184). In this regard, 

the role of NFI in GBM is closely related to its role in normal embryogenesis, 

particularly as related to the regulation of genes involved in neural cell migration 

and glial cell differentiation (112,364).  

We then linked NFI transcriptional activity to its phosphorylation state, with 

NFI dephosphorylation mediated by calcineurin phosphatase. As calcineurin is a 

well-known target of calpain proteases, we provided the first empirical evidence 

for the regulation of NFI activity by calpain. Calpain proteolytic activity is required 

for all major steps of cell migration (201,404). Recently, we identified CAST, 

encoding calpastatin, the endogenous inhibitor of calpain, as a target gene of NFI 
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thereby providing the foundation for a bidirectional signaling between the NFI and 

calpain pathway.  

In Chapter 3, we showed that NFIB forms a positive feedback loop with 

calpain 1 in GBM cells, resulting in the negative regulation of GBM cell migration. 

In this chapter, we present evidence supporting crosstalk between NFIA and 

calpain 2 in GBM cells. Although NFI members have similar apparent affinities 

toward NFI binding elements, they may elicit distinct effects from the same 

promoter depending on cellular context (117). As a result, different NFIs may have 

unique, or even opposing, roles depending on cancer type and subtype (129). For 

example, NFIA has been shown to promote GBM growth and survival (170), 

whereas NFIB was found to have tumour suppressing roles in certain subtypes of 

GBM (171). Similarly, calpains 1 and 2 are known to compensate for the activity of 

one another in a variety of biological contexts, including the cleavage of calcineurin 

(282,365,375). However, calpains 1 and 2 also have specific functions. For 

example, calpain 1 promotes the self-renewing capacity of neural stem cells 

(NSCs), whereas calpain 2 induces neural stem cell differentiation (215). Here, 

using a variety of techniques including immunoblotting and immunofluorescence 

analyses, as well as cell metabolism/survival and invasion assays, we provide 

mechanistic insight into the putative NFIA-calpain 2 crosstalk in GBM cells and 

demonstrate that this crosstalk has opposite effects on GBM properties compared 

to NFIB-calpain 1 crosstalk. 

Based on our previous work, hypophosphorylated NFIB regulates CAST 

variant expression by binding to NFI regulatory elements located in a CAST 
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alternative promoter. As a result, levels of a truncated form of calpastatin which 

preferentially localizes to perinuclear aggregates are increased (Chapters 2 and 

3). This form of calpastatin therefore cannot bind and prevent the autolysis of 

calpain 1 in other cytosolic compartments. Autolyzed calpain 1 then translocates 

to the nucleus and further isolates itself from calpastatin inhibition. Thus, 

knockdown of hypophosphorylated NFIB results in the loss of nuclear calpain 1. In 

contrast, NFIA increases calpain 2 activity by downregulating the expression of 

CAST. NFIA, unlike NFIB, has no effect on the subcellular localization of 

calpastatin. Thus, NFIA appears to be able to increase calpain 2 autolysis and 

activation simply by lowering levels of calpastatin.  

We have previously shown that there are two de novo NFI binding sites (C2 

and C3) located in CAST intron 3 (Chapter 2). While only hyperphosphorylated 

NFI can bind to C2, NFI can interact with C3 irrespective of its phosphorylation 

status (Chapter 2). Consequently, NFIA may only exert its regulatory effects on 

CAST through C3. Although this allows for a less restricted interaction between 

NFIA and CAST, it also means that NFIA may not be able to regulate different 

CAST variants like NFIB. As a result, NFIA is unable to alter calpastatin subcellular 

localization through isoform switching. Together, these observations help explain 

mechanistic differences between the NFIA-calpain 2 crosstalk and the NFIB-

calpain 1 positive feedback loop.  

Like autolyzed calpain 1 in NFIB-hypophosphorylated cells (Chapter 3), 

autolyzed calpain 2 translocates into the nucleus of either NFI-hyper- or hypo-

phosphorylated GBM cells. By immunofluorescence analysis, calpain 2 has been 
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shown to preferentially localize to the nucleus of cultured neurons, in which it 

cleaves and activates nuclear Ca2+/Calmodulin-dependent Protein Kinase Type 

IV (CaMKIV) (388). CaMKIV, together with CaMKII, are important pro-survival 

mediators of neuronal cells (417). Unlike the ~55 kDa form of calpain 1, the affinity 

of autolyzed calpain 2 toward calpastatin is currently unknown. However, given the 

relatively high levels of homology (55%-65% depending on species) between the 

two calpains, it is possible that autolyzed calpain 2, similar to autolyzed calpain 1, 

may also have low affinity toward calpastatin (196). As a result, calpastatin may 

not be able to prevent nuclear translocation of autolyzed calpain 2, leading to 

increased levels of calpain 2 proteolytic activity in the nucleus. Our proposed 

mechanism for increasing calpain 2 activity by NFIA-mediated downregulation of 

calpastatin expression has previously been observed for the c-Myc transcription 

factor (161).  

Unlike the paradoxical roles reported for NFIB and calpain 1 depending on 

cancer type and subtype, reports to date indicate that NFIA and calpain 2 have 

exclusively oncogenic properties regardless of tumour type, with both NFIA and 

calpain 2 promoting GBM tumorigenesis and progression. NFIA is highly 

expressed in GBM tumours compared to normal brain (169). Loss of NFIA in GBM 

cells results in reduced growth and increased tumour cell death by apoptosis (169). 

NFIA’s oncogenic role is mediated by the transcriptional repression of tumour 

suppressor genes including TP53 (encoding p53) and CDKN1A (encoding p21) 

(169). To date, there have been no reports on the role of calpain 2 in the control of 

GBM cell survival, although calpain functions in cancer cell death and survival are 
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well characterized (218). In breast cancer, for example, calpain 2, together with 

calpain 1,  promote tumour cell apoptosis upon trastuzumab treatment (418). 

However, calpain can also promote lung cancer cell survival through the proteolytic 

degradation of IκBα and subsequent activation of NF-κB transcriptional activity 

(419). Interestingly, NFIA has also been shown to form a feed-forward loop with 

another nuclear factor, NF-κB, to promote GBM cell survival (170). These findings 

provide further support for our proposed NFIA-calpain 2 crosstalk in GBM cells. In 

keeping with evidence from the literature, our data confirm that both NFIA and 

calpain 2 independently promote GBM cell viability. However, given the minor 

reduction in GBM cell viability when NFIA and calpain 2 are co-depleted compared 

to single knockdowns, it appears that these two proteins act predominantly in 

concert to enhance GBM cell viability, in agreement with our proposed NFIA-

calpain 2 crosstalk model. 

The role of NFIA in promoting GBM cell migration has also been 

investigated although specific mechanisms have yet to be reported (169). For 

example, Lee et al. showed that ectopic expression of NFIA correlates with 

increased GBM cell migration and invasion in vitro (169). The role of calpain 2 in 

regulating GBM cell migration/infiltration is better understood and has been 

confirmed in animal models (249,253). In response to integrin-mediated signaling, 

calpain 2 upregulates the expression of matrix metalloproteinase (MMP) 2 leading 

to increased GBM cell migration (194). In support of these observations, our data 

indicate that both NFIA and calpain 2 can enhance GBM cell migration.  
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Even though calcineurin likely dephosphorylates all four NFI members, we 

were not able to confirm calpain 2-induced and calcineurin-mediated 

dephosphorylation of NFIA due to our inability to find an antibody specific to NFIA. 

As a result, the second branch of the crosstalk, from calpain 2 to NFIA, could not 

be verified. We are in the process of purchasing additional anti-NFIA antibodies to 

carry out confirmatory experiments.  

In summary, our results are in line with crosstalk between NFIA and calpain 

2 in GBM cell lines. We provide mechanistic insight into the forward branch of the 

crosstalk, from NFIA to calpain 2. However, the backward branch, from calpain 2 

to NFIA, needs to be further investigated. In Chapter 4, we also show that NFIA 

and calpain 2 act chiefly in concert to enhance GBM cell survival and cell migration 

although the latter needs to be confirmed with more biological replicates. 

 

4.4 Experimental Procedures 

4.4.1 Cell lines, constructs, transfections and treatments 

The origins of U87 and U251 GBM cell lines have previously been described 

(181,362). Cells were cultured in Dulbecco’s modified Eagle’s minimum essential 

medium supplemented with 8% fetal bovine serum (FBS), streptomycin (50 µg/ml), 

and penicillin (50 units/ml). 

 

4.4.2 Knockdown of endogenous NFIs and CAPN2 

GBM cells were transiently transfected with the following Stealth® siRNAs 

(Life Technologies): scrambled (control) siRNAs (Cat. # 12935-200 and 12935-
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300); NFIA-1, NM_207685.1_stealth_335 (5’-

CCAACCACUGUAAACAACAACUGCU-3’);NFIA-2, NM_005595_stealth_919 (5’-

GAAAGUUCUUCAUACUACAGCAUGA-3 of NFIA’); NFIA-3, NIFAHSS181500 

(5’-UUCACUUAGCAAUUCAUCCUUCACG-3’); NFIB, NM_005596_stealth_1020  

(5’-AAGCCACAAUGAUCCUGCCAAGAAU-3’), NFIC, NM_005597_stealth_1045 

(5’-CAGAGAUGGACAAGUCACCAUUCAA-3’ ), NFIX, NM_002501_stealth_752 

(5’-GAGAGUAUCACAGACUCCUGUUGCA-3’), CAPN2-1, CAPN2HSS101347 

(5’-GCUGCUCUUUGUGCAUUCAGCCGAA-3’), CAPN2-2, CAPN2HSS101348  

(5’-GCAUUGCUGAGUGGUAUGAGUUGAA-3’). Cells were transfected with 10 

nM of each siRNA using the RNAiMAX Lipofectamine reagent (Invitrogen) 

according to the manufacturer’s instruction. Scrambled siRNAs (low and medium 

GC content) served as the control for these experiments. After 48 h, cells were 

trypsinized and replated for a second round of siRNA transfection and then 

harvested 60 h after the last transfection. Of note, cells were only transfected with 

one round of siRNA for immunofluorescence experiments. 

 

4.4.3 Reverse transcription (RT) and quantitative polymerase chain 

reaction (qPCR) 

Total RNA was isolated from GBM cells depleted of specific NFIs using the 

TRIzol® reagent (ThermoFisher Scientific). First-strand cDNA synthesis was 

generated using Superscript II® reverse transcriptase (Invitrogen). RT-qPCR was 

performed on cDNAs with primers flanking either CAPN2, CAPNS1, or GAPDH 

using the BrightGreen® qPCR master mix (ABM Scientific). Fluorescence 
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intensities obtained with CAPN2 primers were first normalized to that of GAPDH 

and then to the scrambled siRNA control to generate relative fold change results. 

 

4.4.4 Western blot analysis 

Whole cell extracts (WCEs) were prepared by lysing cells in modified RIPA 

buffer [50 mM Tris-HCl pH 7.5, 1% sodium deoxycholate, 1% Triton X-100, 150 

mM NaCl, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM EDTA, 

0.1% SDS, 0.5 mM PMSF, 1X cOmplete protease inhibitor (Roche Applied 

Science), and 1X PhosSTOP phosphatase inhibitor (Roche Applied Science)]. 

WCEs were electrophoresed in polyacrylamide-SDS gels and transferred to 

nitrocellulose membranes and then immunostained with rabbit anti-calpain 2 

antibody (1:1000, Santa Cruz, cat.# sc-30064), mouse anti-calcineurin antibody 

(1:1000, Pharmingen, clone G182-1847), mouse anti-lamin A/C antibody (1:1,000, 

ThermoFisher Scientific, cat.# MA3-1000), mouse anti-α-tubulin (1:100,000, 

Hybridoma Bank, clone 12G10), or mouse anti-β-actin antibody (1:100,000, Sigma 

Aldrich, clone AC-15). Proteins were detected with horseradish peroxidase-

conjugated secondary antibody (Jackson ImmunoResearch Biotech) using the 

Immobilon (EMD Millipore) or ECL (GE Healthcare) chemiluminescent HRP 

substrate. 

 

4.4.5 Cytoplasmic and nuclear fractionation 

Nuclear and cytoplasmic fractionation was carried out as previously 

described (Chapter 3). Briefly, cytoplasmic extracts were prepared using reagents 

supplied with the NE-PER kit (ThermoFisher Scientific), supplemented with 1X 
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cOmplete protease inhibitors and 1X PhosSTOP. Nuclei were isolated by 

centrifugation of cytoplasmic extracts and then lysed in modified RIPA buffer 

(described in the previous section). Chromatin was sheared by sonication (20 

cycles at 4°C, high output, 30 s power on and 30 s power off) in a Bioruptor 300® 

sonicator (Diagenode). 

 

4.4.6 Calpain activity assay 

Calpain proteolytic activity was measured with the Calpain Activity Assay 

Kit (Calbiochem). Briefly, whole cell extracts were prepared from GBM cells with 

the supplied lysis buffer. Substrate cleavage was measured by changes in 

fluorescence intensity in buffers that promote (Activation buffer) or suppress 

(Inhibition buffer) calpain activity using the FLUOstar Optima microplate reader 

(355 nm excitation and 480 nm emission, BMGLABTECH). Raw data obtained with 

the Activation buffer were first normalized against the Inhibition buffer and then the 

scrambled siRNA control to generate relative fold change. 

 

4.4.7 Transwell migration assay 

U251 GBM cells were depleted of NFIA and/or calpain 2. Thirty thousand 

cells in FBS-free DMEM were plated in the top chamber of Falcon Cell Culture 

Inserts (Fisher Scientific) and then allowed to migrate through an 8-μm 

polyethylene terephthalate (PET) membrane towards a chemoattractant (DMEM 

+10% fetal calf serum) in the bottom chamber for 20 h. Cells were fixed with 100% 

cold methanol for 20 minutes and then stained with 1% crystal violet in 20% 
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methanol for 30 minutes. Migrated cells were imaged using a Zeiss Axioskop2 plus 

microscope using multiple fields covering the whole surface of the inserts. Cell 

counting was carried out using Metamorph software (Molecular Devices). 

 

4.4.8 MTS assay 

 U251 and U87 GBM cells were depleted of NFIA and/or calpain 2. Cell 

metabolism, a surrogate assay for cell viability, was measured using the CellTiter 

96® Non-Radioactive Cell Proliferation MTs Assay (Promega). Briefly, ~3,500 cells 

were plated in triplicate in 96-well plates and then allowed to grow for 48 h. Cells 

were incubated in culture medium supplemented with 20 µL MTS reagent for an 

additional 2 h. Absorbance values were measured using the FLUOstar OPTIMA 

microplate reader (495 nm). Relative fold change was generated by normalizing 

absorbance values to that of scrambled siRNA controls. 

 

4.4.9 Immunofluorescence analysis 

GBM cells were transfected with scrambled siRNAs or siRNAs targeting 

either NFIA or calpain 2 and then plated on coverslips. After 24 h, cells were fixed 

with 4% paraformaldehyde for 10 min at room temperature and then permeabilized 

with 0.25% Triton X-100 for 4 min. Cells were blocked with 3% BSA for 45 min at 

room temperature to reduce background signal. Cells were then immunostained 

with rabbit anti-calpain 2 antibody (1:50, Santa Cruz, cat.# sc-30064), or mouse 

anti-calcineurin antibody (1:50, Pharmingen, clone G182-1847). Signals were 

visualized using Alexa 488-conjugated donkey anti-rabbit or Alexa 555-conjugated 
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donkey anti-mouse secondary antibodies (1:400, Life Technologies). Nuclei were 

stained with 4′,6-diamidino-2-phenylindole (DAPI, CalBiochem). Images were 

acquired with a X40/1.3 oil immersion objective lens on a Zeiss LSM 710 confocal 

microscope using Zeiss ZEN imaging software.  
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Figure 4.1. NFIA indirectly upregulates nuclear calpain 2 levels 

(A) U87 and U251 cells were transfected with siRNAs specific to each NFI family 

member and total RNA extracted using the TRIzol reagent. cDNAs were amplified 

by RT-qPCR using CAPN2-specific primers. Relative fold changes were generated 

by normalizing CAPN2 data to those of GAPDH and then to the internal scrambled 

siRNA control. Results are representative of three independent experiments. (B) 

Cytoplasmic (abbreviated as C) and nuclear (abbreviated as N) lysates were 

prepared from U87 and U251 cells transfected with siRNAs specific to NFIA. 

Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, 

and immunoblotted with mouse anti-calpain 1 or rabbit anti-calpain 2 antibodies. 

α-tubulin and lamin A/C served as loading controls for the cytoplasmic and nuclear 

fractions, respectively. 
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Figure 4.2. NFIA does not regulate calpastatin subcellular distribution 

U87 and U251 cells were transiently transfected with scrambled or an NFIA-

specific siRNAs and then plated on coverslips. Cells were cultured for 24 h and 

then fixed with 4% paraformaldehyde and immunostained with a rabbit anti-

calpastatin antibody followed by Alexa 488-conjugated secondary antibody. Nuclei 

were visualized with DAPI (blue) and images acquired with a 40X/1.3 oil immersion 

lens using a Zeiss LSM 710 confocal microscope and Zeiss ZEN imaging software. 

Images are representative of the majority of cells observed under each condition 

and are derived from three independent experiments.  
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Figure 4.3. Changes in calpain 2 and calcineurin subcellular localization 

upon NFIA depletion 

U87 (A) or U251 (B) cells were transiently transfected with scrambled or NFIA-

specific siRNAs and then plated on coverslips. Cells were cultured for 24 h and 

then fixed with 4% paraformaldehyde and immunostained with either rabbit anti-

calpain 2 (A) or mouse anti-calcineurin (A and B) antibodies followed by Alexa 488 

(rabbit, green)- or Alexa 555 (mouse, red)-conjugated secondary antibodies, 

respectively. Nuclei were visualized with DAPI (blue) and images acquired with a 

40X/1.3 oil immersion lens using a Zeiss LSM 710 confocal microscope and Zeiss 

ZEN imaging software. Bars, 20 µm. Images are representative of the majority of 

cells observed under each condition and are derived from three independent 

experiments.  
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Figure 4.4. Effects of NFIA depletion on calpain activity and GBM cell 

migration and viability 

(A-C) U87 and/or U251 cells were transfected with scrambled siRNAs or siRNAs 

targeting NFIA. (A) Calpain activity was assessed by measuring the cleavage of a 

synthetic substrate provided in the Calpain Activity Fluorometric Assay Kit 

(CalBiochem). Fluorescence signals obtained in a buffer that activates calpain 

activity was normalized against fluorescence signals obtained in a buffer that 

inhibits calpain activity. Relative fold change was obtained by normalizing the 

scrambled siRNA control to 1. (B) Thirty thousand U251 cells in FBS-free DMEM 

were seeded in the top chambers of Falcon Cell Culture Inserts in a 24-well plate. 

Directional migration was induced by supplementing the medium in the bottom 

chamber with 10% FBS. After 20 h, cells that had migrated through the porous 

membrane of the inserts were fixed with methanol and stained with crystal violet. 

Migrated cells were imaged with a Zeiss Axioskop2 plus microscope. Cells were 

counted using MetaMorph software. (C) Cell metabolism, used as a surrogate for 

cell viability, was measured using the MTS assay. Thirty-five hundred cells were 

seeded in 96-well plates. After 48 h, cells were incubated with the MTS reagent for 

2 h. Fluorescence emission (495 nm) was measured using the FLUOstar Optima 

plate reader and then normalized to the scrambled siRNA control. (A and C) Each 

experiment was repeated at least three times. (**p-value<0.01, ***p-value <0.001 

and ****p-value <0.0001).  
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Figure 4.5. Calpain 2 depletion affects calcineurin subcellular localization 

and NFI transcriptional activity 

(A) Whole cell lysates were prepared from U251 cells transiently transfected with 

scrambled siRNAs or siRNAs targeting calpain 2 (siCAPN2-1 and siCAPN2-2). 

Proteins were electrophoresed in SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes. Membranes were immunostained with rabbit anti-

calpain 2 and rabbit anti-FABP7 antibodies. Actin was used as loading control. (B) 

U251 cells were transiently transfected with scrambled or calpain 2-specific 

siRNAs and then plated on coverslips. Cells were cultured for 24 h and then fixed 

with 4% paraformaldehyde and immunostained with mouse anti-calcineurin 

antibody followed by Alexa 555-conjugated secondary antibody. Nuclei were 

visualized with DAPI (blue) and images acquired with a 40X/1.3 oil immersion lens 

using a Zeiss LSM 710 confocal microscope and Zeiss ZEN imaging software. 

Images are representative of the majority of cells observed under each condition 

and are derived from three independent experiments. 
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Figure 4.6. Effects of calpain 2 depletion on GBM cell migration and viability 

U251 (A) or U87 and U251 (B) cells were transfected with scrambled (CNT) 

siRNAs or siRNAs targeting either calpain 2 alone or both calpain 2 and NFIA. (A) 

Thirty thousand U251 cells in FBS-free DMEM were seeded in the top chambers 

of Falcon Cell Culture Inserts in a 24-well plate. Directional migration was induced 

by supplementing the medium in the bottom chamber with 10% FBS. After 20 h, 

cells were fixed with methanol and then stained with crystal violet. Migrated cells 

were imaged with a Zeiss Axioskop2 plus microscope. Quantitative data were 

obtained by counting the number of migrated cells using MetaMorph software. (B) 

Cell metabolism, a surrogate for cell viability, was measured using the MTS assay. 

Thirty-five hundred cells were seeded in 96-well plates. After 48 h, cells were 

incubated with the MTS reagent for 2 h. Fluorescence emission (495 nm) was 

measured using the FLUOstar Optima plate reader and then normalized to the 

scrambled siRNA control. (B only) Each experiment was repeated at least three 

times. (n.s. p-value>0.05, *p-value<0.05, **p-value<0.01, ***p-value<0.001 and 

****p-value <0.0001). 
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5.1 Discussion 

5.1.1 Tumour infiltration: a major obstacle in curing GBM 

 Despite decades of intense research and clinical innovation, GBM remains 

a mostly incurable disease with short survival times and poor quality of life. Many 

aggravating factors, including inter- and intra-tumoural heterogeneity in addition to 

acquired drug resistance and therapy-induced adverse side effects, undermine the 

effectiveness of the aggressive therapeutic regimens used to treat GBM tumours. 

Amongst these, however, early tumour infiltration poses a virtually insurmountable 

barrier to a curative treatment for GBM. 

Surgery is often the first stage in the treatment of GBM. It has been 

demonstrated that resection of at least 98% of the tumour volume is associated 

with increased survival in GBM patients (~13 months vs ~11.5 months) (420). 

However, the anatomical location of the tumour together with vital functions of the 

brain often limit the extent of tumour resection or, in some instances, preclude 

surgical intervention altogether. In addition, GBM cells have been found to 

extensively infiltrate the normal parenchyma both adjacent to and distal from the 

main tumour mass in early stages of the disease (356). Advances in surgical 

techniques, including fluorescence dye-assisted visualization of the tumour 

margins, have led to improvement in the gross tumour resection volume and thus 

clinical outcomes (421). Yet, real-time detection and tracking of infiltrating GBM 

cells at the microscopic level have yet to be realized. As a result, benefits of 

surgery are severely compromised in the case of GBM, reflected by the minimal 

increase in patient survival time. 
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Whether surgery is prescribed or not, GBM patients are treated with 

radiation therapy, which can increase survival time by ~2X (43). In a similar manner 

to surgical resection, early and distal tumour infiltration also undermines the 

efficacy of this local/regional therapy (359). Consequently, following radiation 

therapy, GBM patients are often prescribed chemotherapeutic drugs (usually TMZ) 

and, in some recurrent cases, the antiangiogenic agent bevacizumab (52). TMZ 

can induce cell death through DNA alkylation and sensitize tumour cells to 

radiation therapy (422). However, GBM cells can gain resistance to TMZ through 

a variety of mechanisms, including the expression of MGMT and disruption of 

genes involved in DNA mismatch repair (423-426). The exact contribution of 

infiltrative tumour cells to the resistance of GBM cells to TMZ is currently unknown. 

However, it has been proposed that by putting selective pressure on GBM cells, 

TMZ treatment enriches the stem-like population of tumour cells that can invade 

neighbouring tissue (427). With respect to bevacizumab, the efficacy and safety of 

this drug are controversial, with recent studies demonstrating that bevacizumab 

treatment may promote GBM cell infiltration while offering little to no improvement 

in patient prognosis (357,428,429). 

The process of normal cell migration is complex and, understandably, 

influenced by a wide array of signaling pathways, some of which are yet to be 

identified. Similarly, in the context of GBM, myriads of molecular mechanisms 

contribute to the initiation, execution and termination of tumour cell 

migration/infiltration. Amongst these are classical pro-migration signaling 

pathways including the PI3K/Akt/mTOR and NF-κB (430). As the PI3K/Akt/mTOR 
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pathway is one of the most commonly altered signaling axis in GBM, a plethora of 

targeted therapies have been designed to target key proteins of this signaling 

cascade (81). Although clinical trials involving the first generation of PI3K inhibitors 

were halted due to their high toxicity and low selectivity, several second-generation 

pan-PI3K inhibitors, including BKM120 and PX-866, have been demonstrated to 

have anti-invasive properties in GBM animal models (431,432). Having passed 

phase I safety study, their efficacy is being tested in both de novo and recurrent 

GBM (81). However, recent phase II results indicate that while some anti-tumour 

activity is observed, the overall response rate is minimal for both agents, whether 

used as a monotherapy or in combination with bevacizumab (433,434). Perifosine, 

a promising Akt inhibitor under clinical investigation for recurrent GBM, only 

provided marginal improvement in patient outcomes due to its limited blood-brain-

barrier penetration (81). Similarly, rapamycin, a well-known mTOR allosteric 

inhibitor, and their analogs, also failed to deliver promising phase II results (435). 

It is well recognized that aberrant NF-κB signaling is an important hallmark for 

tumourigenesis and progression (436). However, owing to its essential role in 

immunity amongst other cellular processes, no drugs specific to the NF-κB have 

been clinically approved in the last 30 years (437,438).  

Although it appears that targeting infiltrating GBM cells may lead to 

therapeutic breakthrough, this avenue of research has unfortunately failed to yield 

any fruitful clinical result. However, these efforts were not in vain as they have shed 

light into the molecular mechanisms underlying GBM cell migration and thus fuel 

renewed hope for novel anti-infiltration therapies for this disease. 
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5.1.2 Novel pathways underlying infiltrative GBM cells: Nuclear Factor I 

 Previous findings highlight the difficulties in targeting traditional signaling 

pathways that govern GBM cell migration and thus new approaches and/or targets 

are required to control GBM infiltration. To this end, our group and others have 

demonstrated that expression of FABP7 correlates with increased GBM cell 

invasion and proliferation in vitro (361,372). During neurogenesis, FABP7 is 

expressed in radial glial cells, a population of neural stem cells that can give rise 

to neurons and glial cells including astrocytes and oligodendrocytes (439-442). In 

adult brain, FABP7 expression is detected in the subventricular zone, where neural 

stem cells reside (443). As a result, FAPB7 is considered to be a neural/progenitor 

cell marker and thus its expression is often associated with higher infiltration and 

poor prognosis in GBM patients (183,184). 

We subsequently showed that FABP7 expression is regulated by the NFI 

family of four transcription factors: NFIA, NFIB, NFIC and NFIX (362). In addition, 

NFI also regulates the expression of GFAP, a marker of astrocytes (362). During 

normal brain development, NFI regulates genes involved in the onset of 

gliogenesis (143,145). For example, NFIA has been shown to upregulate the 

expression of GFAP in neural progenitor cells (NPCs), presumably leading to the 

differentiation of these cells into the astrocytic lineage (142,145). Similar to FABP7, 

NFIA is preferentially detected in the subventricular zone (167). These findings 

suggest that NFIA may also be a marker of astrocytes that retain stem-like 

characteristics. This notion is supported by the observation that upon transduction 

of oncogenes, unlike Nfia+/- neural stem cells, Nfia-/- neural stem cells are unable 
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to form tumours in mouse model (168). Furthermore, NFIA has been shown to 

enhance GBM cell migration in vitro and in orthotopic models (169). NFIA is also 

important for GBM tumourigenesis as expression of NFIA in oligodendroglioma 

tumours leads to a phenotypic switch that resembles astrocytic gliomas (127). 

Together, these observations indicate a role for NFI, specifically NFIA, in regulating 

stem-like properties that may be essential for GBM oncogenesis and infiltration. 

Our data provide empirical evidence confirming the tumour promoting role of NFIA 

in GBM, with loss of NFIA resulting in decreased GBM cell survival and migration 

(Chapter 4).  

Compared to the well-defined oncogenic properties of NFIA, the exact role 

of NFIB in GBM is still under debate. NFIB haploinsufficiency, caused by the loss 

of one NFIB allele on chromosome 9p, is detected in 39% of GBM patients 

(444,445). Nfib-directed mutagenesis also increased the probability of GBM 

tumour formation relative to other CNS tumours (446-449). In addition, ectopic 

expression of NFIB represses the oncogenic transformation of chicken embryonic 

fibroblasts induced by Myc and Jun nuclear oncogenes (450). In GBM, NFIB 

expression is inversely associated with astrocytic tumour grade and positively 

correlated with patient survival (171). However, the tumour suppressing properties 

of NFIB only extend to certain subtypes of GBM including mesenchymal and 

classical tumours (171). Furthermore, Nfib-/- mice show increased numbers of 

NPCs and delayed differentiation of astrocytes (134,137,451). Mechanistically, 

NFIB represses the expression of histone methyltransferase Ezh2, a component 

of the polycomb repressive complex 2 (135). This complex is expressed by NPCs 
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and is gradually downregulated as NPCs differentiate (452,453). These findings 

suggest that NFIB promotes differentiation of NPCs during embryogenesis and 

thus may have a tumour suppressing role in the context of GBM. Our data support 

this conclusion, with loss of NFIB resulting in increased GBM migration/invasion 

(Chapter 3).  

However, NFIB has also been shown to act as an oncogene in a wide range 

of malignancies including melanoma, small cell lung cancer and breast cancer 

(172-175,399). In gastric cancer, NFIB appears to promote malignant phenotypes 

through the activation of the Akt/STAT3 signaling pathway, resulting in increased 

levels of phospho-STAT3 (454). STAT3 signaling is a well-known tumour 

promoting pathway which, upon activation, can promote cell proliferation, invasion, 

survival and immunosuppression (455). Yet, recent studies have indicated that 

STAT3, in addition to its oncogenic role, can also function as a tumour suppressor 

(456). Although the mechanisms underlying this dual function of STAT3 are the 

subject of ongoing investigations, two different isoforms of STAT3 have been 

proposed to be responsible for the dichotomic roles of STAT3 in esophageal 

squamous cell carcinoma (ESCC) (457). Whereas STAT3α promotes 

tumourigenesis of ESCC, STAT3β (a truncated form of STAT3) inhibits the 

oncogenic properties of the other isoform (457). Interestingly, the tumour 

suppressing properties of NFIB in certain GBM subtypes are also associated with 

increased levels of phospho-STAT3 and thus activation of STAT3 signaling (171). 

It is possible that NFIB upregulates the levels of STAT3β in these GBM cells, 
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resulting in the repression of tumour migration (Chapter 2) concomitant with the 

induction of tumour cell differentiation (171). 

The NFI family has also been shown to be involved in the cross-signaling 

of all three core pathways underlying GBM tumourigenesis and progression: p53 

(458), pRB (459) and RTK\PI3K (460). As a result, it appears that NFI, mirroring 

its role as a regulator of neurogenesis, is positioned at a relatively high level in the 

signaling cascades that may drive/sustain or inhibit/attenuate malignancy in GBM 

cells. Thus, treating all four NFIs as a homogenous family of transcription factors 

may result in the omission of member-specific functions and egregious 

interpretation of the role of NFIs in the context of cancer. For this reason, we tried 

to incorporate all four members of the NFI family in our studies whenever possible, 

with particular attention paid to downstream regulatory networks.   

 

5.1.3  NFI-mediated regulation of CAST variants and calpastatin isoforms 

 Our efforts in identifying putative NFI target genes in GBM cells led us to a 

fascinating but largely uncharted research area: calpastatin and its encoding 

genes, CAST (Chapter 2). At the time that this thesis was written, there were fewer 

than 10 peer-reviewed articles describing the usage of alternative CAST 

promoters, with a similar number of papers connecting the expression of CAST 

variants to that of calpastatin isoforms, and an even fewer number of papers 

investigating the physiological functions of different forms of calpastatin. Although 

a detailed description of calpastatin was provided in Section 1.4.1, it is important 

to reiterate a couple of facts about this complex protein family, with ≥44 CAST 
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transcript variants (Ensembl database, gene ID: ENSG00000153113) and ≥21 

calpastatin isoforms (NCBI database, gene ID: 831) identified in humans so far, 

with the significance of most of these variants and isoforms being unknown. One 

would posit that there are few publications in this field not because calpastatin is 

biologically inconsequential, but because investigative efforts are often deterred 

by the complex expression profile of CAST and calpastatin, manifested as 

confusing or inexplicable results. 

A major drawback to the calpastatin field is that investigators often treat all 

calpastatin isoforms as a single protein in order to extract some conclusions from 

their studies (461-464). However, alternative splicing of CAST is clearly important, 

with most alternative splicing events involving domain L of calpastatin 

(322,324,350). For example, exclusion of the amino acid sequence of calpastatin 

domain L encoded by exon 6 of CAST leads to the loss of several phosphorylation 

sites (350). Reversible phosphorylation of calpastatin at exon 6-encoded amino 

acid sequence can change its cytoplasmic distribution from soluble to aggregated, 

and vice versa (350). Although additional domain L functions in an intact 

calpastatin molecule remain to be identified, the domain L polypeptide by itself has 

been shown to have some independent functions, most of which are related to the 

priming of Ca2+- channels (352,353).  

Compared to domain L, the functions of domain XL remain a complete 

mystery. Besides being phosphorylated by PKA/C, nothing else is known about 

this domain except for its nucleotide and amino acid sequences (325). In fact, 

domain XL has not been directly shown to be expressed by human calpastatin. 
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Our study is amongst a few to provide indirect evidence for the existence of domain 

XL in human calpastatin and to implicate the putative role of this domain in the 

regulation of calpastatin subcellular distribution (Chapter 2). Even then, we could 

not provide a direct causal link between the inclusion of domain XL and calpastatin 

localization as a plethora of other factors can influence the latter, including but not 

limited to calcium concentration, phosphorylation, binding to its targets, and 

alternative splicing downstream of domain XL (196). 

 The most significant finding of Chapter 2 is the transcriptional regulation of 

CAST by differentially phosphorylated NFI through a novel alternative promoter 

located in CAST intron 3. We were able to directly link the expression of two types 

of CAST transcript variants to their corresponding types of calpastatin isoform. 

Although this may seem to be a small discovery, it provides the first mechanistic 

insight into the regulation of different CAST promoters at the transcriptional level. 

In addition, our data confirmed that the subcellular distribution of calpastatin is 

important for its functions (326,350,351) and demonstrated that transcription 

factors, including NFI (Chapter 2) and cMyc (221), may alter calpastatin activity 

through transcription-mediated isoform switching. However, it is safe to say that 

Chapter 2 raised more questions than it answered. For example, are other 

alternative promoters of CAST active in GBM cells? If yes, how might NFIs be 

involved in their regulation? Does domain XL indeed play a key role in regulating 

calpastatin subcellular localization? If so, is it mediated by phosphorylation or 

through other post-translation modifications? What is the significance of domain L 

in the regulation of calpastatin in GBM cells?  
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Irrespective of remaining unanswered questions, Chapter 2, together with 

previous findings (164,282,365), provided us with an invaluable piece of 

information: NFI cross-signaling with the calpain pathway. This finding alone shifts 

the course of this project from basic science to translational research as NFI, like 

other transcription factors, remains undruggable whereas calpain proteolytic 

activity can be inhibited by a wide range of synthetic compounds (393,465). 

Furthermore, while NFI is located far upstream of any signaling cascades that may 

regulate GBM cell migration/infiltration, calpain is the integrative hub to which 

virtually all pro- and anti-migration signals converge (201) and thus may serve as 

a potential target for a novel therapeutic approach to GBM management. 

 

5.1.4 Regulation and function of calpain in GBM 

 To target the calpain pathway in GBM, one must first understand its 

physiological significance and regulation in tumour cells. The important roles of the 

calpain pathway in both normal and diseased states have long been appreciated 

as calpain-mediated proteolysis of its downstream effectors can be observed in 

many ordinary and pathological cellular processes (196,218). Despite intense 

research efforts, however, two perplexing issues remain largely unaddressed in 

virtually all investigations of calpain activity: (i) how calpain proteolytic activity is 

controlled by the cell and (ii) whether any specific effect under observation is 

mediated by one or multiple calpain members.  

To date, the mechanisms underlying calpain activation during the normal 

operation of the cell remain unclear. However, the following facts are known: (i) 
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the amount of Ca2+ required for calpain to reach half-maximal activity lie far above 

physiological Ca2+ concentrations (299), (ii) calpastatin and calpain are co-

expressed in virtually all cell types (366), and (iii) calpastatin can bind calpain at 

lower Ca2+ concentration than what is needed for calpain activation (197). 

Together, these findings suggest that calpain activity is tightly controlled to the 

point that activation seems rather impossible. Yet, calpain-mediated proteolysis 

occurs on a regular basis inside any given cell. Clearly, the cell must have 

mechanisms to transiently induce calpain activity.  

It has been proposed that autolysis, which lowers Ca2+ concentration 

required for half-maximal activity of calpain, may be the main method through 

which calpain can achieve activation (286). In the 1980s and 1990s, calpain was 

believed to be synthesized as a proenzyme, like many other cysteine proteases, 

and subsequently activated by autolysis (466-468). However, this notion was 

quickly proven to be inaccurate as full-length calpain also habours proteolytic 

activity, albeit at lower levels compared to autolyzed calpain (469). Since autolysis 

always occurs in parallel with calpain activation, autolysis has been commonly 

used as a marker of calpain activation (285,286,469). Our data support this view 

as the loss of calpain 1 activity was observed in concurrence with the accumulation 

of full-length calpain 1 in the cytoplasm of GBM cells (Chapter 3). Furthermore, we 

noticed that only the autolyzed forms of calpains 1 and 2 were found in the nucleus 

of GBM cells, suggesting that autolysis of calpain may have functions other than 

simply acting as a rheostat for Ca2+ concentration.  
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Another well-known way for the cell to regulate calpain activity is to alter 

levels and subcellular localization of calpastatin. As calpastatin requires direct 

interaction to inhibit calpain and, in turn, calpain needs to physically bind its 

substrates to carry out proteolysis, the compartmentalization of calpastatin and 

calpain is vital to their functions (345,366). Our results indicate that NFI, specifically 

NFIA and NFIB, can increase calpain activity by: (i) downregulating the global 

expression of calpastatin and (ii) inducing changes in calpastatin subcellular 

distribution that may limit its availability for binding and inhibiting calpain (Chapters 

2-4). In addition, we also showed that the cell can control calpain activity by 

modulating levels of autolyzed calpain in the nucleus of GBM cells although we 

could not identify the exact mechanism underlying this observation (Chapters 3 

and 4). Neither calpain 1 nor calpain 2 has been reported to carry a nuclear 

localization signal (NLS). However, calpain 5 – a non-conventional calpain – has 

two NLSs: one is found near the N-terminus and the other near the C-terminus 

(470). Given that both calpains 1 and 2 can localize to the nucleus (Chapters 3 

and 4) (471,472), it is reasonable to speculate that they may harbour at least one, 

potentially concealed, NLS. Thus, autolysis of these ubiquitous calpains may 

expose a hidden NLS and enhance their nuclear translocation. Notwithstanding 

the molecular mechanism, we demonstrated that NFI, through the regulation of 

CAST variants and calpastatin isoforms, can increase calpain activity.  

Various in silico and in vitro analyses have been performed to elucidate the 

consensus amino acid sequence for calpain-mediated proteolysis (473-476). 

Although such efforts have led to the synthesis of peptides that are faithfully 
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recognized and cleaved by calpain (476), they did not shed much light on the 

specificity of endogenous calpain substrates. Indeed, most studies suggest that 

the primary amino acid sequence of a polypeptide is of little significance for 

calpain-mediated cleavage, with calpain recognition largely depending on the 

target’s higher structural order (473,474). Furthermore, little is known about the 

substrate specificity of each calpain member. As a result, knowledge about calpain 

activity is largely derived from gain- or loss-of-function studies and their 

accompanied physiological effects. Three possible scenarios can occur in regard 

to calpains 1 and 2 biological activity, ranging from the most to the least frequently 

encountered in the literature. First, calpains 1 and 2 can cleave the same target, 

effectively compensating for one another if the activity of one is disrupted or lost. 

For example, both calpains 1 and 2 have been shown to cleave focal adhesion 

kinase (FAK) protein (376,477), amongst other shared substrates. Second, 

calpains 1 and 2 have specific functions such that the loss of one activity cannot 

be rescued by the other. Studies with calpain-specific siRNAs demonstrate that 

loss of calpain 2, but not calpain 1, results in limited membrane protrusions and 

lamellipodial dynamics (194). Vice versa, the spreading of bovine aortic endothelial 

cells is dependent on calpain 1, but not calpain 2 (478). Third, in a few biological 

systems, calpains 1 and 2 can counteract the effect of one another. An illustration 

of this has been reported in the context of synaptic plasticity and 

neurodegeneration, with calpain 1 promoting long-term potentiation (LTP) and 

neuronal cell survival, whereas calpain 2 inhibits LTP and induces 

neurodegeneration (214). Adding to the small body of literature supporting the third 
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scenario, the most significant finding of this project demonstrates that calpain 1 

and calpain 2, in crosstalk with NFIB and NFIA, respectively, appear to have 

opposing roles in regulating the malignant phenotypes of GBM cells. Thus, calpain 

1 inhibits tumour cell migration whereas calpain 2 promotes both GBM cell 

migration and survival (Chapters 3 and 4). Our findings suggest that while calpain 

is an attractive target for GBM treatment, concurrent inhibition of both calpains 1 

and 2 may not be an appropriate approach for GBM as it may create a futile cycle 

at best, or undesired effects, including increased GBM infiltration, at worst. 

  

5.1.5 Targeting the NFI-calpain crosstalk with calpain inhibitors in GBM: 

potential benefits and challenges 

 The idea of targeting calpain for therapeutic benefits is not new. Pre-clinical 

investigations with calpain inhibitors have been explored for multiple pathological 

conditions, including cancer (218,393). In vitro disruption of calpain activity, 

whether by siRNA-mediated depletion, or chemical-induced inhibition or 

overexpression of calpastatin, has been shown to repress tumour cell viability 

(419,479), migration/invasion (226,235) and therapeutic resistance (480,481). Our 

Chapter 4 data echo these observations as depletion of calpain 2 resulted in 

decreased GBM cell migration and viability. At the molecular level, calpain 2 has 

been shown to be a mediator and regulator of the RTK/Akt/PI3K/mTOR signaling 

pathway (482-485). In addition, calpain 2 can cleave and induce p53 instability 

(486). pRB, another key protein underlying GBM oncogenesis and progression, is 

also cleaved and degraded by calpain 2. Our own results suggest that calpain 2 
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may increase the transcriptional activity of NFI, most likely NFIA, which in turn 

forms a feedforward loop with NF-κB (170). As mentioned earlier, NFI can also 

cross signal with p53, pRB and PI3K, the three core signaling pathways in GBM. 

Consequently, targeting calpain, specifically calpain 2, may inhibit oncogenic 

signaling far beyond the boundaries of the NFI-calpain crosstalk. 

Despite the proven and potential benefits of calpain inhibition, none of the 

available calpain antagonists have advanced to clinical trials for cancer. However, 

dosing and tolerability of calpain inhibitors have or are currently being evaluated in 

a few phase I trials for other diseases. In 2016, patients with Alzheimer’s disease 

were recruited for a phase 1 clinical trial with the calpain inhibitor ABT-957 

(NCT02220738). Unfortunately, this study had to be cancelled due to slow patient 

enrollment. There is currently an ongoing phase 1 clinical trial to test the safety 

and toxicity of the calpain inhibitor BLD-2660 in patients with lung or liver fibrosis 

(NCT03559166). While these phase I studies advocate the possibility of using 

calpain inhibitors as therapeutic agents, the lack of phase II/III trials, together with 

the absence of clinically approved calpain inhibitors, demonstrate the profound 

difficulties in moving the first generation of calpain antagonists into the clinical 

settings. 

 Nearly all calpain inhibitors are of peptidyl nature and all share an important 

feature in that they can inhibit both calpains 1 and 2 (393). These inhibitors are 

often regarded as ‘pan-specific’ although their effects on other members of the 

calpain family have not been evaluated. Since calpains 1 and 2 dominate the field 

of calpain research and are the focus of this project, we will use the term ‘pan-
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specific’ to describe the dual specificity of these agents towards calpains 1 and 2. 

As previously discussed, calpains 1 and 2 can compensate for the loss of one 

another in multiple biological contexts. Therefore, pan-specific calpain inhibitors 

are beneficial when concurrent inhibition of both calpains is desired: e.g., to 

prevent the cleavage and activation of calcineurin (282,365,375). These inhibitors 

may also be useful in any pathological condition that is caused by hyperactivation 

of either calpain 1 or calpain 2, but not both (235,487). However, in situations 

where both calpains are present and perform opposing roles, as demonstrated by 

our data (Chapters 3 and 4), pan-specific calpain inhibitors may not deliver the 

expected therapeutic effects. This issue is well-recognized in contemporary 

calpain research, and it is clear that more attention needs to be placed on the 

development of member-specific calpain inhibitors. Another issue of targeting 

calpain is potential cytotoxic side effects as calpain is central to a wide array of 

signaling pathways and cellular processes. Surprisingly, calpain inhibitors have 

been shown to have excellent safety profiles in mouse models of 

neurodegeneration or brain ischemic injuries (488-491). Whether humans have 

similar tolerance toward these calpain inhibitors is a subject for future investigation. 

 As suggested by our calpain 1 data, inhibition of calpain activity is not 

always beneficial to a specific pathological condition. Sometimes, activation of 

calpain is desired; e.g., to promote tumour cell death by apoptosis (492-494). 

Synthetic calpain activators, including dibucaine, have been generated (495-497). 

However, similar to calpain inhibitors, no current synthetic calpain activators can 

differentiate between calpains 1 and 2. Unfortunately, these agents failed to 
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capture research interest, reflected by the limited number of synthetic calpain 

activators. As a result, little is known about their efficacy and safety in disease 

models although calpain activators may also have therapeutic benefits. 

 

5.2 Future Directions 

5.2.1 Establish NFIA-calpain 2 as a positive feedback loop 

 Although our data strongly point to the existence of a positive feedback loop 

between NFIA and calpain 2, the effects of calpain 2 on NFIA have not yet been 

established due to the lack of a working anti-NFIA antibody. We are in the process 

of obtaining other antibodies to NFIA to examine whether NFIA is indeed not 

dephosphorylated upon the loss of calpain 2. Based on our previous findings of 

hypophosphorylated NFI being able to induce the transcription of FABP7 

(163,362), we concluded that reduced FABP7 levels upon calpain 2 depletion is 

mediated by the phosphorylation of NFI. Even though no link between calpain 2 

and FABP7 has been reported in the literature, the former is involved in multiple 

signaling pathways and thus its downstream effectors could have influenced the 

expression of FABP7 at the protein level. Therefore, we will design a luciferase 

reporter construct with a promoter harbouring an NFI binding consensus to provide 

a more direct readout for changes in NFI transcriptional activity upon calpain 2 

knockdown. 

 For both Chapters 3 and 4, we used the MTS assay to examine GBM cell 

viability. Although this assay is commonly used as a surrogate for cell viability, 

some concerns have been raised about the universal equivalence of these two 
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physiological states (400). More importantly, calpain has been linked to the 

metabolism of endogenous NADPH, which is an essential reagent for the MTS 

assay (498,499). As a result, we will use more stringent techniques to assess GBM 

cell survival, including colony formation and cell count assays. We also used the 

Transwell assay to examine the migration of GBM cells through a synthetic 

membrane in response to a chemoattractant. However, GBM cells have been 

shown to use preexisting blood vessels or white matter tracts to infiltrate normal 

brain parenchyma (430,500). The Transwell assay does not recapitulate these 

complex processes. To address this issue, we will visualize and quantify GBM cell 

migration along blood vessels using the chick embryo chorioallantoic membrane 

model, which is routinely used to study metastatic potential of cells from solid 

tumours (501). 

 

5.2.2 Explore potential crosstalk between NIFC (or NFIX) and calpain 

 In Chapter 2, our EMSA results suggested that NFIC and NFIX have 

stronger in vitro binding affinity for the NFI-responsive elements located in CAST 

intron 3. Surprisingly, the loss of NFIC and NFIX did not lead to meaningful 

changes in the expression of CAST variants as determined by RT-qPCR (Chapter 

2). It is possible that NFIC and NFIX may not be involved in the regulation of CAST 

in intact GBM cells and that the binding of these two NFIs to CAST intron 3 is an 

in vitro artifact. However, given that loss of NFIC and NFIX led to increased 

calpastatin levels and changes in its subcellular distribution (Chapter 3), it is more 

likely that our primers, which were designed to examine alternative promoters but 
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not alternative splicing, did not fully capture the complex mRNA profile of CAST 

transcript variants, resulting in limited detection sensitivity for effects induced by 

NFIC and NFIX knockdowns. Consequently, we will design additional sets of 

primers that can differentiate between different CAST variants generated by 

selected alternative splicing events, including exons 3, 5 and 6, and repeat RT-

qPCR experiments to examine whether NFIC and NFIX have any regulatory 

effects on specific transcript variants of CAST.  In parallel, we will also investigate 

whether depletion of NFIC or NFIX, similar to knocking down NFIA and NFIB, can 

lead to changes in cytoplasmic or nuclear levels of calpain 1 or calpain 2 as well 

as their subcellular localization and proteolytic activity. 

Previous data obtained with a pan-specific NFI antibody indicate that 

calcineurin-mediated dephosphorylation likely affects all NFI family members 

(164). We are therefore interested in whether calpain 1 or 2 also forms a positive 

feedback loop or crosstalk with NFIC and NFIX via calcineurin. If such crosstalk 

indeed exists, we will examine its effects on GBM cell migration and survival using 

previously described methodologies. We and others have demonstrated that, 

depending on tissue context, both compensatory and antagonistic pathways exist 

for the four NFIs (133,137,362). In addition, since NFIs bind DNA as either 

homodimers or heterodimers, concurrent depletion of different NFIs may magnify 

the effects observed by single NFI knockdowns and, in some instances, result in 

novel regulatory effects on NFI target genes (362). To address the latter, we will 

expand our knockdown study to include a range of NFI combinations and examine 

how NFI-mediated regulation of CAST variants is affected compared to single NFI 
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depletion. Importantly, we will investigate whether compensatory or antagonistic 

effects observed for different NFIs extends to their ability to crosstalk with the 

calpain/calpastatin pathway. 

 

5.2.3 Calpastatin isoform expression and subcellular localization 

 Despite decades of research, little is known about the physiological 

significance of calpastatin isoforms or how their expression is regulated by the cell. 

Our results suggest that different isoforms of calpastatin have different patterns of 

subcellular distribution and thus varied ability to interact with calpain. For example, 

the full-length calpastatin may assume a more diffuse cytoplasmic distribution, 

whereas the XL-less isoform appears to localize predominantly to regions 

surrounding the nucleus (Chapter 2). Knockdown of NFI results in changes in 

subcellular localization of calpastatin, presumably caused by transcription-

mediated isoform switching. The latter statement requires verification and 

elucidation. To do so, we will generate constructs expressing either full-length (XL-

containing) or XL-less calpastatin and transfect them into GBM cells and 

investigate whether altered ratios of these two forms of calpastatin does indeed 

lead to changes in calpastatin subcellular distribution. If yes, we will also examine 

the changes in localization and proteolytic activity of calpain in response to ectopic 

expression of these calpastatin isoforms to further understand their physiological 

significance. 

 To date, the functions of domain XL of calpastatin still remain a conundrum. 

Data obtained from our experiments suggest that this domain may play a role in 
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calpastatin subcellular localization. This notion is supported by prior findings 

showing that domain XL is phosphorylated by PKA, resulting in increased 

association between calpastatin and biological membranes (196). The putative 

phosphorylation sites of domain XL have previously been described (325). We will 

carry out site-directed mutagenesis at these sites to generate single, double or 

triple phospho-mutants of full-length calpastatin. We will also knockout full-length 

calpastatin in GBM cells using the CRISPR-Cas9 system. Next, we will transfect 

calpastatin-negative cells with constructs expressing either the wildtype full-length 

calpastatin or one of the phospho-mutant derivatives and examine their subcellular 

distribution and ability to inhibit calpain. 

  

5.2.4 Testing synthetic and clinically available calpain modulators 

 Our group and others have provided evidence suggesting  independent 

roles for NFI (163,164,362) and the calpain/calpastatin pathway 

(218,492,502,503) in promoting GBM cell migration and survival. In this thesis, we 

show that crosstalk between NFI and calpain can result in either the promotion or 

inhibition of GBM malignant properties. Since no targeted therapy is available for 

NFI, calpain inhibitors and activators (collectively referred to as calpain 

modulators) may have an exclusive advantage in that they can directly modulate 

calpain signaling and indirectly affect NFI transcriptional activity. With the synthetic 

calpain inhibitor I (ALLN), we demonstrated the feasibility of using calpain 

modulators to control GBM clonogenic cell survival (Chapter 3). We also 

investigated the efficacy of a clinically active calpain inhibitor: ACM (Chapter 3) 
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(504). Although ACM has other mechanisms of action besides calpain inhibition 

(505-507), its pharmacokinetic, pharmacodynamic, and toxicological profiles have 

previously been established (396) and thus could be fast-tracked through animal 

and human trials. However, due to their size and chemical nature, ALLN and ACM 

are unlikely to cross the blood-brain-barrier, severely limiting their efficacy if 

administered systemically. However, it is feasible to bypass the blood-brain-barrier 

and deliver ACM directly to GBM tumours by means of liposomal encapsulation, 

which has been successfully achieved for doxorubicin (508), another member of 

the anthracycline antibiotic to which ACM belongs. We are therefore interested in 

pursuing this line of investigation with experts in chemotherapeutic liposomes. We 

will also obtain blood-brain-barrier-permeable calpain inhibitors, such as MDL-

28170 (509-512), and examine their safety and efficacy in GBM orthotopic mouse 

model. 

 Our Chapter 3 results strongly suggest that calpain activators may have 

similar therapeutic potentials to that of calpain inhibitors. In keeping with this 

suggestion, activation of calpain, induced by chemotherapeutic agents, has been 

linked to increased tumour cell death by apoptosis or apoptosis-like processes 

(513,514). However, there have been no studies examining the effects of calpain 

activators on GBM malignant properties including cell migration/infiltration, 

survival, death and chemoresistance. As a result, we plan to perform extensive 

pre-clinical investigations to address these questions. Another major finding of this 

project is that pan-specific calpain modulators may have unintended effects given 

that calpains 1 and 2 appear to perform opposite roles in GBM cells. It would be 
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important then to identify/develop member-specific calpain modulators and test 

their efficacy against GBM cells. We are planning to team up with Drs. Jack 

Tuszynski (in silico drug screening, University of Alberta) and Dennis Hall (drug 

synthesis, University of Alberta) to pursue this line of investigation. 

 

5.3 Significance 

Both calpain and NFI are independent regulators of GBM cell migration and 

survival. Here, we identify and confirm that CAST, encoding calpastatin, the 

endogenous inhibitor of calpain, is a target of NFI. Using a novel alternative 

promoter located in CAST intron 3, NFI, depending on its phosphorylation state, 

differentially regulates CAST transcript variants encoding calpastatin isoforms that 

either contain or don’t contain the XL domain, leading to changes in calpastatin 

subcellular distribution. Our findings are amongst a few demonstrating the 

physiological significance of the transcriptional regulation of different CAST 

transcript variants. Building upon previous findings, we demonstrate crosstalk 

between NFI and calpain in GBM cells. Through the regulation of CAST variants 

and calpastatin isoforms, NFIB forms a positive feedback loop with calpain 1. Our 

results provide molecular mechanisms underlying both the forward and backward 

signaling branches of the NFIB-calpain 1 crosstalk. This positive feedback loop 

appears to act in concert to dampen GBM cell migration. Furthermore, we provide 

evidence for crosstalk between NFIA and calpain 2 in GBM cells. Unlike the NFIB-

calpain 1 positive feedback loop, the NFIA-calpain 2 crosstalk promotes both GBM 

cell migration and survival. Thus, this thesis presents the first and only empirical 
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evidence to date for opposing functions of calpains 1 and 2 in regulating the 

malignant properties of GBM cells. Our data underscore the clinical potential of 

calpain inhibitors in controlling GBM cell survival and advocate for the development 

of member-specific calpain inhibitors, and potentially activators, as a novel class 

of therapeutic agents for the treatment of GBM.  
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