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Glioblastoma is the most malignant primary brain tumor with the average
patients surviving only one year after diagnosis, even with aggressive therapy. The
formation of numerous micro-tumors dispersed into the brain due to rapid invasion of
tumor cells, presents the primary challenge to the surgical removal of tumors and
limits the effectiveness of current treatments. This dissertation presents studies aimed
at understanding the molecular mechanisms regulating invasion of human
glioblastoma cells. Transplantation of human glioblastoma cells in the zebrafish brain
showed that the knockdown of calpain 2, a calcium-activated protease, resulted in a
three fold decrease in the tumor cell invasion. The result was further verified in the

organotypic mouse brain slices where the knockdown cells demonstrated 2-fold
decrease in the area of dispersal compared to control cells. Our data show that calpain
2 plays a role in the process of tumor cell angiogenesis. Glioblastoma cells were
transplanted into the brain of zebrafish expressing GFP in the blood vessels and we
observed that 23% of animals injected with control tumor cells demonstrated
angiogenesis. In contrast, only 9% of fish that received calpain 2 knockdown cells
showed the formation of new vessels. Consistent to the reports from human
glioblastoma patients and rodent models, we did not observe metastasis of
transplanted cells outside of the brain in the zebrafish, supporting for the use of
zebrafish as an important model for glioblastoma cell invasion studies. These results
provide evidence that calpain 2 protease activity is required for the dispersal of
glioblastoma cells in the brain microenvironment. To determine the mechanism of
calpain 2 regulation of tumor cell invasion, proteolysis of filamin by calpain 2 was
studied.
Filamin is an important actin cross-linking protein which develops orthogonal
actin networks in the periphery of the cell. In this study, we show that the expression
of filamin inhibits glioblastoma cell invasion. Hence, knocking down filamin
expression by 80% resulted in 220% increase in the invasion of glioblastoma cells
through Matrigel extracellular matrix. The regulated proteolysis of filamin is a
potential mechanism to facilitate the cyclic turnover of actin orthogonal networks
which is required for glioblastoma cell invasion. In this study, we identified a novel

mechanism that the PI3 kinase activity regulates the cleavage of filamin by calpain 2
in glioblastoma cells. Binding of a membrane phospholipid phosphatidylinositol
(3,4,5) triphosphate [PtdIns (3,4,5)-P3] to filamin induces its proteolysis by calpain 2
after the amino acid lysine 268, removing the actin binding domain which in-turn
abolishes the actin binding ability of filamin.
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Calpain 2 Proteolysis Regulates Glioblastoma Cell Invasion

Chapter 1

Introduction

2

Origin of glioblastoma
Cancer is defined as the uncontrolled growth of abnormal cells. The oldest
description of cancer dates to 1600 B.C. in Egypt, though the term “carcinoma” was
first used by Hyppocrates, the father of medicine, 460-370 B.C (American Cancer
Society). In spite of such a long history of diagnosis and constant development of
therapeutic strategies, cancer still ranks as the second leading cause of death in
America; accounting for 23% death in 2007, it was exceeded only by heart diseases at
25%. Approximately 2% of all cancer deaths are attributed to primary brain tumors
(American Cancer Society). Although the exact cellular origin of brain tumors is still
under debate, primary tumors are assumed to develop from neural stem cells or glial
cells which retain the ability to divide throughout life, unlike nerve cells which stop
dividing after differentiation (Kleihues et al. 1995; Schiffer et al. 2010).
Astrocytes, oligodendrocytes and microglia are the major types of glial cells
which together perform a broad spectrum of roles essential for the survival and proper
functioning of nerve cells. Astrocytes provide energy and nutrition to nerve cells by
establishing close association with the blood vessels (Allen and Barres 2009). These
cells are also involved in the formation of synapses (Ullian et al. 2001) and
neurotransmission at synaptic junctions by controlling levels of K+ ions and
neurotransmitters

such

as

glutamate

(Barres

2008;

Sontheimer

2008).

Oligodendrocytes are responsible for the synthesis of myelin sheath around axons of
nerve cells, which is crucial for the rapid conduction of nerve impulses, and microglia
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are the resident immune cells of the nervous system (Barres 2008). The brain tumors
derived from glial cells are collectively known as glioma (Kleihues et al. 1995).
Glioblastoma originate from astrocytes and are the most common and
malignant tumors, accounting for 51.2% of glioma (CBTRUS 2008). The prognostic
accuracy for glioblastoma tumors is poor and even the most aggressive therapeutic
practices have failed to increase the median survival of patients more than 12 to 15
months (Gladson et al. 2010). This devastating diagnosis of glioblastoma is attributed
primarily to the remarkable ability of tumor cells to invade over long distances into
regions of the normal brain as single cells or small groups of cells. This unusual
invasiveness of tumor cells makes the complete surgical resection of the tumor
impossible and other therapeutic approaches, such as radiotherapy, ineffective. Post
surgery invasion of remnant cells into surrounding tissues results in the recurrence of
secondary and tertiary tumor foci, which contribute to the increased frequency of
mortality. Therefore, the primary challenge for the therapeutic success against
glioblastoma is to prevent rapid invasion of tumor cells into the normal brain. In order
to do so, it is necessary to understand the molecular mechanisms regulating cell
invasion.

4

Mutations in glioblastoma cells
The genetic screening of invasive glioblastoma cells has identified mutations
in many genes involved in cell migration. Overexpression and/or mutation in the
epidermal growth factor receptor (EGFR) gene have been reported in 36% to 60% of
tumors (Rao et al. 2003; Soni et al. 2005; Wong et al. 1987). The most frequent
mutation occurs due to an in-frame deletion of the exons 2 to 7 which results in the
expression of a truncated form of the receptors that remains constitutively active
despite being unable to bind the ligand. This activated receptor stimulates downstream
signaling cascades such as the phosphatidylinositol 3-kinase (PI3 kinase) pathway to
promote cell proliferation and migration (Ekstrand et al. 1992; Sugawa et al. 1990).
The upregulation of the PI3 kinase pathway has been frequently reported in
glioblastoma tumors (Guertin and Sabatini 2007; Li et al. 1997; Louis 2006). Gain-offunction mutations resulting in the activation of the p110α isoform of PI3 kinase have
been reported in 27% of glioblastomas (Samuels et al. 2004). In a normal cell, the
action of PI3 kinase is directly antagonized by PTEN (Phosphatase and TENsin
homolog), a phosphatidylinositol (3,4,5)-triphosphate (PtdIns (3,4,5)-P3) specific
phosphatase. Genetic deletion of the PTEN gene has been reported in up to 70% of
primary glioblastoma tumors due to loss of heterozygosity (LOH) of chromosome 10q
and the mutations leading to the inactivation of the PTEN gene is found in 14% to
47% of glioblastoma tumors (Fujisawa et al. 2000; Gladson et al. 2010; Li et al. 1997;
Ohgaki et al. 2004; Wang et al. 1997). Altogether, the amplification of EGFR
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signaling, loss of PTEN activity and the over-activation of PI3 kinase itself, results in
the net enhancement of PI3 kinase activity. PI3 kinase activity has been directly
associated with increased invasion of glioblastoma cells (Kubiatowski et al. 2001).
Additionally, the re-expression of the PTEN gene was reported to inhibit the growth
and invasion of glioblastoma cells, (Furukawa et al. 2006; Koul et al. 2001; Li and
Sun 1998), which further suggests that the PI3 kinase pathway plays a crucial role in
the regulation of glioblastoma cell invasion. Hence, it is important to determine how
PI3 kinase signaling is interpreted downstream to aid glioblastoma cell invasion.

Unique features of glioblastoma cells
Glioblastoma cells invade the surrounding tissues as single cells or small
groups of cells but, with rare exceptions, do not metastasize outside of the brain
(Kleihues and Sobin 2000). Further, these cells have been reported to migrate along
the white matter tracts and blood vessel surfaces. However, they do not invade into the
blood vessel wall, which is considered to be the reason for their inability to
metastasize (Bernstein and Woodard 1995; Scherer 1940). Though the exact
explanation for this observation is still not understood, the distinct pattern of
glioblastoma invasion is assumed to be due to the fact that the extracellular matrix
(ECM) of the brain is distinct from that of most organs. The ECM of the brain consists
of tightly packed neuronal and glial processes leaving extracellular spaces of
nanometer size (Thorne and Nicholson 2006).
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The primary components of the brain matrix are hyaluronic acid, tenascin,
thrombospondin and proteoglycans (Bellail et al. 2004). Hyaluronic acid, being highly
anionic in nature, attracts Na+ and other cations which increase an osmotic influx of
water, making the brain a less rigid, water-rich microenvironment (Alberts et al.
2002). Further, hyaluronic acid interacts non-covalently with other brain-specific
proteoglycans of the lectican family (aggrecan, versican, brevican and neurocan)
(Bignami et al. 1993) which are all non-fibrous proteins and gives the brain a softer
consistency. In contrast, the ECM of most other systemic organs is comprised of
collagen, laminin and fibronectin which provide strong fibrous texture to the matrix.
Inside the brain, this type of fibrous matrix is limited only to the perivascular areas
(Gladson 1999). Thus, the brain microenvironment is heterogeneous with rigid fibrous
matrix around the blood vessels and soft non-fibrous composition around the neuronal
surfaces. However, it is important to note that glioma cells show migration along both
the surfaces; blood vessels with defined fibrous basal lamina as well as axons in white
matter-with softer and ill-defined ECM (Louis 2006). This finding suggests the
involvement of more intricate mechanisms to glioblastoma invasion than just crawling
over a rigid ECM, and has stimulated interest in determining unique characteristics of
glioblastoma cells that help them adapt to the brain microenvironment.
A unique factor associated with glioblastoma cell invasion is the
autocrine/paracrine

signaling

by

glutamate.

Glutamate

is

an

endogenous

neurotransmitter secreted at synaptic junctions that binds to receptors on the second
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neuron at the synapse thus mediating fast signaling by inducing Ca2+ ion influx in
post-synaptic neurons. The prolonged activation of glutamate receptors causes
neuronal cell death by sustained calcium signaling known as excitotoxicity (Choi
1988). Hence, the normal concentration of glutamate in extracellular space is
maintained at ~1 µM by the uptake of excessive glutamate by astrocytes through
expression of specialized transporters which include excitatory amino acid transporters
(EAAT) (Sontheimer 2008). Ye and colleagues first showed that malignant glial tumor
cells release excessive amounts of glutamate instead of removing it from the
extracellular space, and found a correlation with the failure of these cells to express
glutamate transporters on their surface (Ye et al. 1999; Ye and Sontheimer 1999).
Glutamate secretion was demonstrated to promote glioblastoma cell invasion in vitro
and in mouse glioma tumor model (Lyons et al. 2007). These results are important
because they point to a unique mechanism of dual advantage of glutamate secretion:
(a) clearing space for tumor expansion by killing normal nerve cells by excitotoxicity,
and (b) promoting tumor cell invasion.
Mechanisms of glutamate-induced invasion were provided by a study that
showed that glutamate binding to α-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid receptors (AMPA) on the cell membrane stimulates calcium ion influx into the
cell, which in turn induces cellular migration (Ishiuchi et al. 2002) (Fig 1.3). Calcium
oscillations are required for focal adhesion disassembly in glioblastoma cells
(Giannone et al. 2002) and there is more evidences supporting increase in glioma cell
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motility by calcium influx (Maghazachi 2000; Manning et al. 2000). The exact targets
of calcium signaling involved in regulation of glioblastoma invasion are not known.
We proposed calpain 2, a calcium-activated protease, to be the potential effector
molecule in invading cells.

Calpain in cell invasion
Calpain was first identified as a unique proteolytic enzyme in the cytosolic
fraction of rat brain extract (Guroff 1964). It acquired its name from the absolute
requirement of calcium ions for its activation and structural homology with the
catalytic domain of the papain family of cysteine proteases (Carragher and Frame
2002). At present, the calpain family of cytoplasmic calcium-activated cystein
proteases consists of 15 isoforms demonstrating a highly conserved evolutionary
distribution with homologues present in invertebrates, plants, fungi, and mammals
(Goll et al. 2003). Calpain 1 and calpain 2 are ubiquitously expressed isoforms and
have been implicated in cell migration. Calpain 1 and 2 are heterodimeric proteins
comprised of an 80 kDa large catalytic subunit and a 30 kDa small regulatory subunit
(Franco and Huttenlocher 2005).
Knockout mice were developed in order to understand the physiological
functions of the ubiquitously expressed isoforms calpain 1 and 2. Knocking out the
calpain 1 catalytic subunit gene [Capn1(-/-)] resulted in platelet dysfunction (Azam et
al. 2001), whereas knocking out the gene for the large subunit of calpain 2 [Capn2(-/-
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)] or the 30 kDa small regulatory subunit [Capn4(-/-)] present in both calpain 1 and 2
resulted in embryonic lethal conditions (Arthur et al. 2000). This showed that calpain
2 is critical for embryogenesis, whereas calpain 1 is not. Since cell migration is an
active process during embryogenesis, it suggests a possible requirement of calpain 2
for cellular migration. The catalytic subunit of calpain has four domains, of which
domain II possesses the active site, domain IV contains five calcium binding motifs
(EF-hand motifs) and domain III apparently induces structural reorganization to form
the active site when bound to calcium ions and/or phospholipids (Croall and Ersfeld
2007). The active site of calpain 2 contains the typical catalytic triad of the cysteine
protease family, which includes cysteine (Cys 105), histidine (His 262), and
asparagine (Asn 286). The enzymatic mechanism involves nucleophilic attack of Cys
105 on the partially positive carbonyl carbon of the susceptible peptide bond, forming
a tetrahedral intermediate that quickly collapses to release the amine product. The
enzyme is regenerated following hydrolysis of the acyl-enzyme complex releasing the
carboxyl product (Storer and Menard 1994). A distinguishing feature of calpain
proteolysis is that substrates are cleaved in a limited fashion to generate stable
fragments rather than complete proteolytic digestion. Hence, calpain-mediated
proteolysis is considered to be a post-translational modification that influences various
aspects of cell physiology, including cell migration (Goll et al. 2003).
Calpain 2 has been frequently implicated in many physiological processes
including focal adhesion dynamics, membrane protrusions and cell migration
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(Carragher and Frame 2002; Franco et al. 2004; Franco and Huttenlocher 2005).
Calpain was first shown to play a role in cellular adhesion dynamics by targeting the
actin binding protein talin (Beckerle et al. 1987). It was reported to regulate the
detachment of the rear end of the cell during migration (Huttenlocher et al. 1997;
Palecek et al. 1998). The role of calpain in the regulation of cell migration was
established when embryonic fibroblasts from the 28 kDa small subunit knockout mice
were observed to have decreased rates of migration (Dourdin et al. 2001).
In recent years, an increasing amount of evidence has been presented showing
that calpain 2 also plays an important role in tumor cell invasion. Selective
downregulation of calpain 2 decreased invasion of prostate cancer cells by 50% in a
rodent xenograft model (Mamoune et al. 2003). Calpain 2 knockdown resulted in the
inhibition of breast cancer cell invasion by regulating the formation and stability of
invadopodial projections (Cortesio et al. 2008). Our lab presented evidence that
calpain 2 is required for the invasion of glioblastoma cells through the artificial
Matrigel extracellular matrix (Jang et al. 2010). Together, these results are important
because the data demonstrate that targeting calpain 2 during tumor invasion is a
potential treatment for specific cancers. It is known that calpain 2 targets many
cytoskeletal proteins including talin, vinculin, α-actinin, spectrin, ezrin, FAK and
integrins to regulate the processes of cell spreading, membrane protrusions, focal
adhesion dynamics and tail retraction to facilitatate cell migration. However, the
substrates of calpain 2 in tumor cell invasion through a 3D matrix are not precisely
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known. We propose that the actin cross-linking protein filamin is a likely substrate of
calpain 2 in invading cells.

Filamin in cell invasion
Filamin is a V-shaped homodimeric protein composed of ~280 kDa subunits.
Each monomer is comprised of an actin-binding domain (ABD) at the amino-terminus
and the dimerization domain located at the C-terminus (Stossel et al. 2001). The two
ends are separated by 23 homologous repeats (~96 residues each), which are divided
into rod domain 1 (repeats 1 to 15) and rod domain 2 (repeats16 to 23). A relatively
less ordered stretch of approximately 30 amino acids between repeats 15-16,
designated as ‘hinge 1’ separates the two rod domains. Another hinge region between
repeats 23-24, designated as ‘hinge 2’ separates rod domain 2 from the dimerization
domain (Fig 1.1). The hinge regions provide overall flexibility to the protein dimer
which facilitates cross-linking of branched actin filaments positioned at higher angles
(>70%) and this unique cross-linking generates orthogonal networks of actin filaments
(Nakamura et al. 2007; Stossel et al. 2001). These networks primarily provide the
mechanical and elastic strength required for membrane protrusions and deformation
resistance against the sheer forces generated during migration (Tseng et al. 2004).
Filamin is ubiquitously expressed in prokaryotes and eukaryotes (van der Flier
and Sonnenberg 2001). The mammalian filamin family is comprised of three
members: filamin A (FLNA), filamin B (FLNB) and filamin C (FLNC) which have
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Fig 1.1: The structure of human filamin (FLNA).
Filamin is a homodimeric protein with the actin binding domain (comprised of
CH1 and CH2 subdomains) of each subunit located at the amino-terminus. The
rest of the protein is made of 24 repeat units of ~96 amino acids each. Rod domain
1 contains repeats 1-15 and repeats 16-23 makes rod domain 2. The two monomers
dimerizes non-covalently at the C-terminal 24th repeat. The repeat units are
interspersed by relatively less structured stretches of approximately 35 amino acids
between repeats 15 and 16 designated as hinge 1 and between repeats 23 and 24
designated ‘hinge 2’.
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highly conserved genetic sequences and the proteins encoded by these genes show
about 70% amino acid identity (van der Flier and Sonnenberg 2001). Out of three
isoforms in vertebrates, filamin A and B are more ubiquitously expressed while
filamin C expression is mainly restricted to skeletal and cardiac muscle cells
(Popowicz et al. 2006; Stossel et al. 2001). This dissertation investigates the function
and regulation of only the filamin A isoform, which henceforth will be referred to as
filamin.
Filamin is an efficient actin filament cross-linker and a single filamin dimer
per actin filament is sufficient to induce gelation. Also, the type of filamin crosslinking of actin filaments depends on the molar ratio of filamin to actin. At a higher
ratio such as 1:10, parallel bundles of actin filaments are promoted, whereas a ratio of
1:150 to 1:740 leads to the formation of orthogonal actin networks (Brotschi et al.
1978). Filamin is maintained at lower concentration at the leading edge of cells and
facilitates orthogonal actin networks formation (Flanagan et al. 2001). The
reorganization and turnover of the actin cytoskeleton provides the driving force for
cell migration.
Filamin has been shown to be important for cellular migration. Melanoma
cells, with a genetic deficiency of filamin expression, do not migrate and exhibit
extensive blebbing of the plasma membrane (Cunningham et al. 1992). Neuronal cells
expressing a dysfunctional mutant filamin fail to migrate to the cortical region of the
brain, resulting in periventricular heterotopia (Fox et al. 1998). The deletion of filamin
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from Dictyostelium amoebae results in impared locomotion and phagocytosis (Cox et
al. 1992; Ponte et al. 2000). These results demonstrate the importance of filamin for
the efficient migration of a cell. Besides cross-linking actin filaments, filamin also
binds to transmembrane integrin receptors and to many other signaling molecules
localized at the cell membrane. By doing so, filamin serves as a scaffold protein,
assembling them in close proximity to couple integrin mediated signal transduction
and regulation of cytoskeletal reorganization. Filamin has been shown to be regulated
by processes like phosphorylation by protein kinase (Chen and Stracher 1989),
binding with phosphoinositides (Furuhashi et al. 1992a) and proteolysis by calpain.
The first evidence of calpain proteolysis of filamin was reported by Dr.
Pastan’s group (Davies et al. 1978), who suggested that cleavage affects cross-linking
but not the actin binding ability of filamin. Human platelet filamin was further shown
to be cleaved by calpain (Fox et al. 1985). The calpain cleavage site on human filamin
was first mapped between residues 1761 and 1762 in the hinge I region, producing
~190 kDa and ~100 kDa fragments (Gorlin et al. 1990). Though of importance, all the
work for calpain cleavage of filamin has been performed on purified proteins and the
physiological relevance of this proteolysis is not yet understood. During migration in a
three dimensional (3D) space, the cell body needs to modify its shape and stiffness to
move through the pores of extracellular matrix. An overly stabilized actin network and
cell-ECM attachments, as facilitated by filamin, would lead to the reduced flexibility
of cell membrane and difficult translocation of the cell body. This highlights the
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necessity for the cyclic turn over of actin networks in cell migration which can be
facilitated by the regulated proteolysis of filamin. However, the mechanisms
regulating calpain proteolysis of filamin in cells are not understood.

Phosphoinositides
Phosphoinositides are membrane lipids which have been shown to bind to and
modulate the structure and function of many cytoskeletal proteins including α-actinin,
talin, vinculin and filamin (Niggli 2005; Yin and Janmey 2003). Studies from our lab
have shown that binding of phosphoinositides, PtdIns (3,4,5)-P3 in particular, to the
actin binding protein α-actinin modulates its three dimensional structure and regulate
its function (Corgan et al. 2004; Fraley et al. 2005; Fraley et al. 2003; Full et al. 2007).
Importantly, PtdIns (3,4,5)-P3 binding to α-actinin enhances susceptibility to
proteolysis by calpain 2 (Sprague et al. 2008). Filamin has been reported to bind
phosphoinositides in the literature (Furuhashi et al. 1992b). Hence, we propose PtdIns
(3,4,5)-P3 binding as the mechanism to regulate filamin proteolysis in cells.
PtdIns (3,4,5)-P3 belongs to a family of membrane glycerophospholipids,
which are composed of a hydrophobic diacylglycerol backbone esterified to a polar
inositol headgroup (Fig 1.2). The acyl chains integrate into the membrane whereas
hydroxyl groups in the inositol ring are targeted for phosphorylation by kinases and
dephosphorylation by phosphatases (Skwarek and Boulianne 2009). PI3 kinase
catalyzes the phosphorylation of the phospholipid, phosphatidylinositol (4,5)-
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Fig 1.2: Diagram showing regulation of PtdIns (3,4,5)-P3 in the cell
membrane.
PI3 kinase catalyzes the transfer of γ-phosphate from ATP to the 3’-hydroxyl
group of PtdIns (4,5)-P2 to produce PtdIns (3,4,5)-P3 in the plasma membrane.
This activity of PI3 kinase is negatively regulated by the phosphatase PTEN which
converts it back to PtdIns (4,5)-P2 after dephosphorylation. Hence, loss of PTEN
gene and constitutive activation of the PI3 kinase results in the constitutively
enhanced levels of PtdIns (3,4,5)-P3 in glioblastoma cells.
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bisphosphate (PtdIns (4,5)-P2) at the 3’-hydroxyl group of the inositol ring to produce
PtdIns (3,4,5)-P3 at the plasma membrane (Hawkins et al. 2006) (Fig 1.2). Therefore,
the enhancement of the PI3 kinase activity in glioblastoma cells directly correlates to
the increased PtdIns (3,4,5)-P3 levels in the cell membrane (Fig 1.3). Once produced,
PtdIns (3,4,5)-P3 acts as a second messenger to initiate multiple signaling events. A
major downstream effector of the PI3 kinase activity is protein kinase B (Akt) which
is activated in 70% of gliomas (Mure et al. 2010). Binding of Akt to PtdIns (3,4,5)-P3
is necessary for its activation by phosphorylation at amino acid Thr308 followed by a
second phosphorylation at residue Ser473 which ensures maximum activity (Bayascas
and Alessi 2005). Assessment of the phosphorylation status at these residues is a
frequently used method to monitor PI3 kinase activity, and in particular, the levels of
PtdIns (3,4,5)-P3 in the cell membrane.

Zebrafish as a model for tumor cell invasion
Before the clinical trial on humans, a drug under discovery undergoes a series
of biochemical and cellular assays with final validation in animal models. Though
medical science has made significant advances aimed at treatment of malignant
gliomas, the majority of targeted molecular drugs that have been evaluated to date
have been disappointing, with response rates of 10% to 15% or less (Van Meir et al.
2010). Therefore, the search for novel targets and screening of a range of drugs are
currently underway. A major limitation to understanding cancer cell biology is the
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inability of current animal models to facilitate imaging of the dynamic process of
tumor cell invasion and their interaction with the physiological microenvironments.
Zebrafish has emerged as a useful experimental organism to study cancer cell invasion
and metastasis (Beckman 2007).
Zebrafish, Danio rerio, is a tropical freshwater fish which originated from the
Ganges river in Eastern India (Spence et al. 2008) and was originally used to study
developmental biology and embryogenesis (Detrich et al. 1999). With a vertebrate
body plan containing the full repertoire of genes and a counterpart to most mammalian
organs, zebrafish exhibit a high degree of similarity to mammals with respect to
molecular mechanisms of development and cellular physiology (Lieschke and Currie
2007). Zebrafish embryos are optically transparent, a characteristic that facilitates
imaging of the internal organs and their interaction with the implanted cancer cells
(Kari et al. 2007). The development of transgenic lines which express fluorescent
markers in the vasculature makes it important for the tumor cell invasion and
metastasis studies. The interaction of tumor cells with the fluorescent vascular system
can be monitored with high-resolution microscopy in a living animal for several days
to weeks (Stoletov et al. 2007). A specific advantage of zebrafish is that they can
absorb small molecules and drugs directly from the water, through gills and skin,
which makes administration of drugs and screening very easy. Although immature Tcells arise in the thymus by 3-4 dpf but the immune system is not functional until 28
dpf (Taylor and Zon 2009). This removes the complexity of immune responses which
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is another advantage for the xenotransplantation of human cells. Zebrafish proteins
display overall ~70% identity to their human orthologues, which approaches close to
100% in regions of conserved functional domains, such as a substrate binding site
(Langheinrich 2003). A great attraction towards using zebrafish is the low cost
involved in the handling and raising of these animals compared to mammalian models.

Thesis Outline
Glioblastoma cancer is difficult to treat because of the enhanced invasiveness
of tumor cells in the brain, but the factors involved and the mechanisms regulating
invasion of glioblastoma cells is not well understood. Based on the information from
the literature, I proposed to test the central hypothesis that PI3 kinase mediated calpain
2 proteolysis of filamin regulates invasion of glioblastoma cells. This dissertation
includes four chapters:
Chapter 1 presents the background information from the literature about the
main players of the current studies which include; origin and specific features of
glioblastoma, unique features of calpain 2 and role of calpain proteolysis in cell
migration, structure and function of filamin and its value in cell migration,
phosphoinositides and their role in regulating cytoskeletal proteins in cells, and
zebrafish as the orthopic model to study tumor cell invasion.
Chapter 2 describes the study which shows that calpain 2 activity is required
for the invasion of glioblastoma cells using ex-vivo assays and in the zebrafish brain.
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We observed that tumor cells invaded the brain primarily in association with the blood
vessels and inhibition of calpain 2 expression decreased the localization of tumor cells
with the blood vessels indicating to a possible mechanism regulating dispersal of
glioblastoma cells. Results from the zebrafish studies were further validated by
repeating glioblastoma invasion in mouse brain slices in culture.
Chapter 3 discusses another novel finding that expression of filamin inhibits
invasion of glioblastoma cells through dense extracellular matrix. Calpain 2 cleavage
of filamin was considered as a mechanism controlling turn-over of orthogonal actin
networks and hence glioblastoma cell invasion. Here, we show that PtdIns (3,4,5)-P3
binding to filamin induces cleavage by calpain 2, removing the actin binding domain
in vitro and filamin proteolysis is enhanced by PI3 kinase activity in glioblastoma
cells.
Chapter 4 presents a summary of conclusions from the original research studies
and discusses the contributions of this work to advance the field and future studies that
can incorporate our findings to develop therapeutics for glioblastoma tumors.
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Fig 1.3: Schematic of the proposed model for the regulation of glioblastoma
cell invasion by calpain.
The increased calcium signaling and increased PI3 kinase activity in glioblastoma
cells synergizes to promote cell invasion. Secreted glutamate binds to the AMPA
receptors and stimulates calcium influx in the cell. Loss of PTEN gene (block
symbol) and activation mutations in PI3 kinase (highlighted arrow) results in the
constitutively increased levels of PtdIns (3,4,5)-P3 in the cell membrane.We
propose that PtdIns (3,4,5)-P3 binding to filamin induces its proteolysis by calcium
ion activated calpain 2 which leads to the reorganization and turnover of actin
networks at the leading edge providing pliability to the cell body. This increased
flexibilty of the cell membrane enables the tumor cells to move through the pores
of extracellular matrix.
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Calpain 2 is required for the invasion of glioblastoma cells in the
zebrafish brain microenvironment

Chapter 2
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Abstract
Glioblastoma is the most aggressive type of primary brain tumor with an
average survival time of only 14 months following diagnosis (Schiffer et al. 2010).
The poor prognosis for patients diagnosed with glioblastoma is attributed to the rapid
post-surgery recurrence of secondary and tertiary tumors resulting from the invasion
of glioblastoma cells into the surrounding brain tissue. Although glioblastoma cells
have been shown to migrate along blood vessels and the myelin sheath of axons, the
molecular mechanisms regulating this dispersal pattern are not clear (Farin et al.
2006). A unique pathway implicated in the invasion of glioblastoma cells involves
autocrine glutamate activation of AMPA receptors leading to calcium influxes in these
cells (Lyons et al. 2007). Identification of the downstream effector molecules of
calcium involved in the process of invasion is critical for understanding the rapid
progression of glioblastoma, and we proposed that the calcium-activated protease
calpain 2 is an essential target. In this study, we show that calpain 2 expression is
required for the dispersal of glioblastoma cells in the living brain environment of the
zebrafish. Knockdown of calpain 2 expression decreased cell invasion by 3-fold, and
cells remained confined in clusters, in contrast to the control cells which dispersed far
distances up to 450µm from the site of injection. The transplantation of control and
calpain 2 knockdown glioblastoma cells in the transgenic zebrafish, Tg(fli1:egfp),
expressing GFP in blood vessels, showed that angiogenesis induced by tumor cells
appeared to be less prevalent in zebrafish injected with calpain 2 knockdown cells
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compared to controls. Consistent results were observed in a common mammalian
model showing reduced dispersal of calpain 2 knockdown glioblastoma cells
compared to control cells in organotypic mouse brain slices.
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Introduction
Malignant brain tumors have a poor prognosis resulting in parts from the
ability of tumors cells to invade the tissue, limiting the effectiveness of primary tumor
removal (Adamson et al. 2009). In addition, secondary tumors formed by the invasive
cells are often resistant to radiation and chemotherapy (Drappatz et al. 2009). Invasion
requires tumor cells to navigate submicrometer pores within the microenvironment of
the brain. Tumor cells accomplish this mechanical task by using matrix
metalloproteinases to loosen the extracellular matrix structure of the confining tissue
and an actin cytoskeleton-based machinery to adhere and crawl through the
extracellular space within the brain. It is not clear which intracellular activities
facilitate the rapid invasion of brain tumor cells, or the components of the brain used
for traction by migrating cells. Incomplete knowledge of the molecular mechanisms
involved in tumor cell invasion in the brain has limited the potential for targeting
invasion as a therapeutic intervention for malignant brain cancers
Glioblastoma is the most invasive form of brain cancer with a 5-year survival
rate of less than 4% (CBTRUS 2005). Despite therapeutic advances, treatments have
been ineffective to increase the median survival time of patients more than 12 to 15
months (Stupp et al. 2005). Preventing glioblastoma cells from invading is the primary
requirement for effective treatment with focal therapies such as surgical tumor
resection and radiations (Lim et al. 2007). The mechanisms for the carcinogenesis and
migration of glioblastoma cells are not clear, although upregulation of invasion-
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specific processes such as enhanced matrix degradation by metalloproteinases and
tumor cell angiogenesis, and mutations in several genes have been identified in many
cases (Adamson et al. 2009; Kanu et al. 2009a; Kanu et al. 2009b). The most common
genetic aberrations related to enhanced cell migration includes mutation in the
epidermal growth factor receptor (EGFR), PTEN and PI3 kinase genes. Deletion of
the PtdIns (3,4,5)-P3 phosphatase PTEN is detected in 31% of glioblastoma cell lines
(Li et al. 1997), 27% of tumors revealed mutations leading to activation of the p110α
isoform of PI3 kinase (Samuels et al. 2004) and overexpression and/or mutation in
EGFR gene have been reported in 36%-60% of tumors (Gladson et al. 2010; Lee et al.
2006). All of these mutations ultimately result in an increase in the level of PtdIns
(3,4,5)-P3 in glioblastoma cell membranes. Further, Kubiatowski et al. correlated PI3
kinase signaling with increased glioma cell invasion in rat brain implants
(Kubiatowski et al. 2001). Together, these data indicate that increased levels of PtdIns
(3,4,5)-P3 in cell membranes play a role in the migration and invasion of glioblastoma
cells. During migration, cells demonstrate asymmetric polarization with a distinct
leading edge in the direction of migration and a tail at the opposite end (Lauffenburger
and Horwitz 1996). The leading edge of the migrating cells displays dynamic
remodeling of the actin cytoskeleton, which involves active proteolysis of several
actin binding proteins by calpain a calcium-activated cytoplasmic cysteine protease
(Franco and Huttenlocher 2005). Our lab showed that PtdIns (3,4,5)-P3 binding to the
actin bundling protein α-actinin regulates its proteolysis by calpain 2 (Sprague et al.
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2008). Although this suggests a possible mechanism for how PI3-kinase activity
enhances cellular migration, the role of calpain in glioblastoma cell motility and the
mechanisms of calpain activation are still not understood. Calpain is a family of
cysteine proteases activated by the binding of calcium ions and is important for the
regulation of processes important for cell migration (Franco and Huttenlocher 2005).
Calpain 2 is a ubiquitously expressed isoform which requires millimolar concentration
of calcium ions in vitro for half maximal activity, which is significantly higher than
the nanomolar range in a normal cell (Goll et al. 2003).
Calcium appears to play an important role in promoting the invasion of
glioblastoma cells, as recent studies have demonstrated that autocrine glutamate
activation of AMPA receptors induce calcium influxes regulating glioblastoma cell
adhesion and migration (Lyons et al. 2007; Sontheimer 2008). The relation between
calcium ion influx and increased invasion is not clearly understood, but the activation
of calpain 2 is a potential candidate. In the last decade, the evidence for association of
calpain with cancer has significantly increased. Increased levels of calpain activity has
been detected in breast cancer tissues (Shiba et al. 1996) and the overexpression and
increased activity of calpain 2 was reported in colorectal cancer (Lakshmikuttyamma
et al. 2004). Inhibition of calpain 2 activity by chemical inhibitors or siRNA mediated
knockdown was reported to decrease the invasiveness of prostate cancer cells by
~50% in an in vivo xenograft model (Mamoune et al. 2003). The isoform-specific role
of calpain 2 in breast cancer cell invasion was elucidated when the knockdown of
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calpain 2 resulted in reduced invasion through regulation of the stability of
invadopodial projections necessary for movement through the extracellular matrix
(Cortesio et al. 2008). Furthermore, inhibition of calpain 2 activity was reported to
attenuate the process of angiogenesis mediated by vascular endothelial growth factor
(VEGF) in pulmonary endothelial cells (Su et al. 2006). These reports motivated us to
test the hypothesis that calpain 2 is necessary for the invasion of glioblastoma cells.
Recently, using a shRNA mediated knockdown technique, we demonstrated
that the knockdown of calpain 2 resulted in an 80% decrease in the invasion of
glioblastoma cells through “Matrigel”, an artificial extracellular matrix (Jang et al.
2010). We also observed 36% lower levels of active matrix metalloproteinase (MMP2) in the extracellular media in calpain 2 knockdown cells which points to one
possible mechanism for the reduced invasiveness of these cells (Jang et al. 2010).
Though the knowledge gained from this study is valuable, much of the work reporting
calpain involvement in cancer progression and tumor cell invasion has been performed
on in vitro systems, which are incapable of simulating the complex interplay between
tumor cells and the local microenvironment. Calpain 2 regulation of invasion-specific
processes, such as formation and stability of invadopodia and the tumor cell
angiogenesis, can be more completely examined with high-resolution imaging of the
tumor cell-vascular interactions in a live microenvironment, but, a lack of suitable
animal models has been a limitation. Searching for an in vivo system to facilitate highresolution imaging of early stage cancer progression, we settled on zebrafish (Danio
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rerio) as an orthotopic model for the time-lapse monitoring of invasion and
angiogenesis of glioblastoma cells transplanted into a live brain microenvironment.
Primarily used as a developmental and embryological model in the 1930s,
zebrafish have become an important and widely used animal model for many human
diseases in recent years (Detrich et al. 1999; Feitsma and Cuppen 2008). The primary
benefit of using zebrafish is that they have a vertebrate body plan essentially
containing the full vertebrate repertoire of genes and possess a counterpart to most
mammalian organs (Lieschke and Currie 2007). Previously, it has been reported that
zebrafish have a similar molecular basis of patterning and development as humans
(Granato and Nusslein-Volhard 1996). Furthermore, researchers have observed that
zebrafish spontaneously develop almost any type of cancer with blood vessels, brain,
gill, nasal epithelium, and the lymphomyeloid system being less common target
tissues (Kent et al. 2002; Matthews 2004). Neoplasms, histologically similar to human
tumors, have been induced in all zebrafish organs using carcinogens (Grabher and
Look 2006). Significant similarities between the molecular expression profiles of
orthologous genes in human and zebrafish liver tumors have been identified, which
builds confidence in using zebrafish as a cancer model (Lam et al. 2006). Recent
publications have established that melanoma cells survive, proliferate, migrate and
induce angiogenesis in zebrafish (Haldi et al. 2006; Lee et al. 2005). In addition,
zebrafish embryos are transparent, allowing continuous visualization of invading
cancer cells, and the availability of the transgenic fish expressing GFP in the
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vasculature makes it possible to investigate tumor cell-blood vessel interactions (Kari
et al. 2007; Langheinrich 2003; Stoletov et al. 2007). Rodent models of cancer cell
transplantation requires millions of cells to start with, whereas in zebrafish, fewer than
100 cells can be microinjected and imaged using high resolution microscopy,
simulating the early stages of cancer progression. Together, this evidence provides
support for the use of zebrafish as a cancer model.

Results and Discussion

Calpain 2 is required for glioblastoma cell invasion through dense extracellular
matrix

To study the role of calpain 2 in invasion, we previously used shRNA to
generate stable human U87MG glioblastoma cells with calpain 2 expression decreased
by more than 80%. Using in vitro transwell assays, we reported that knockdown of
calpain 2 resulted in a 90% decrease in the invasion of glioblastoma cells through an
artificial extracellular matrix (Jang et al. 2010). However, conventional methods to
measure cellular motility and invasion, including transwell assays, have limitations:
single end point data measurement, required post- experimental processing such as
labeling of cells, and manual data analysis. This approach also lacks any quantitative
measurement of cell behavior or invasion patterns in real time. Live-cell microscopy is
useful for the continuous monitoring of cells, but expression of an exogenous
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florescent marker is necessary which risks adding unknown variability to the cellular
system. In this study, we quantified the invasion of glioblastoma cells in real time
using microelectronic impedance measurement technology (xCELLigence) as
described in the Materials and Methods.
The biophysical properties such as density and rigidity of the extracellular
matrix have been strongly correlated with the motility of tumor cells (Zaman et al.
2006). Therefore, we used different concentrations of Matrigel to assess the effect of
varying extracellular matrix density on the rate of invasion of glioblastoma cells
expressing control or calpain 2-specific shRNA. Cells were placed on top of Matrigel
in the upper chamber of the transwell inserts and the impedance of the microelectrodes
on the lower side of the membrane was recorded every 15 min for 19 hrs. The change
in the impedance value correlates to the number of cells which invaded through the
Matrigel. In the absence of matrix, simulating cell migration, an immediate sharp
increase in the cell index value was observed for both control and knockdown cells,
and the cell index curve plateaued within 4 hrs after the measurement was started. This
result is consistent with our previous report that calpain 2 knockdown does not affect
the migration of glioblastoma cells. In contrast, in the presence of matrix coating, a lag
phase showing no change in the impedance of the electrode was observed for 9 hrs, 6
hrs and 4 hrs in case of 0.8, 0.4 and 0.2 mg/ml dilution of Matrigel respectively.
Thereafter, a gradual increase in cell index was recorded for both control and
knockdown cells; however, the increase was significantly higher in control cells
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compared to the knockdown cell index (Fig 2.1). The rate of invasion was determined
by calculating the slope of cell index curves over the period of 20hrs, which showed
that knockdown of calpain 2 resulted in 59%, 22%, and 9% decrease in invasion
compared to control cells in presence of 0.8, 0.4, and 0.2mg/ml of Matrigel density
respectively when stimulated with FBS as a chemoattractant (data not shown).
The results are in agreement with the data from our previous study showing a
90% reduction in the invasion of knockdown cells when 2 mg/ml Matrigel was used in
conventional transwell assay (Jang et al. 2010). However, continuous monitoring of
invasion provided important information that calpain is not a temporal requirement
such as initiation of migration; rather, it constitutively increases the invasiveness of
glioblastoma cells through densely packed matrix. The brain microenvironment is
packed with glial and neuronal processes, matrix proteins and proteoglycans leaving
extracellular spaces of submicrometer range (Thorne and Nicholson 2006). Therefore,
the rigidity of brain matrix presents a severe constraint on free cellular motility of
cancer cells. The composition and the density of extracellular matrix vary widely
between tissues and organs. Calpain has been linked with the invasion of prostate
cancer cells but it is not known if this protease helps glioblastoma cells to infiltrate in
the brain tissues. Based on our real time data showing requirement of calpain 2 for
glioblastoma cell invasion through dense matrices, we proceeded to test this
hypothesis in a live brain microenvironment with functional circulatory system.

34

(A)

0.5

C, +S
K, +S
C, -S
K, -S

Cell Index

0.4

0.3
0.2

0.1
0.0
2

4

6

8

10

12

14

16

18

12

14

16

18

12

14

16

18

Time (hr)
(B)
0.7
0.6

C, +S
K, +S
C, -S
K, -S

Cell Index

0.5
0.4
0.3
0.2
0.1
0.0
2

4

6

8

10

Time (hr)

(C)
0.8
C, +S
K, +S
C, -S
K, -S

0.7

Cell Index

0.6
0.5
0.4
0.3
0.2
0.1
0.0

2

4

6

8

10

Time (hr)

35

Fig 2.1: Real time analysis of invasion demonstrates requirement of calpain 2
for glioblastoma cell movement through dense extracellular matrix.
Control and calpain 2 knockdown (KD) cells were monitored in real time for
invasion through Matrigel matrix of varying concentration using microsensor
impedance measurements. The upper chamber was coated with 0.8, 0.4 and 0.2
mg/ml concentrations of Matrigel and the invasion was stimulated with ±10% FBS
in the lower chamber of the transwells. Suspended in serum free media, 50,000
cells were placed over Matrigel and the measurements were obtained every 15 min
for 19 hrs. The cell index represents the number of cells that reached the bottom
surface of the transwells. The curve shows cell index value at each point of
measurement for cells invading through (A) 0.8 mg/ml, (B) 0.4 mg/ml, and (C) 0.2
mg/ml Matrigel. Legends: C-control; K-knockdown; S-10% FBS. The results are
representative of two independent experiments.
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Knockdown of calpain 2 decreases dispersal of glioblastoma cells in zebrafish brain

We used zebrafish as the orthotopic model to monitor glioblastoma cell
invasion in a living brain. Human tumor cells when transplanted in the zebrafish
peritoneal cavity and yolk sac have been shown to survive, proliferate, migrate and
induce angiogenesis as observed in mammalian models and during cancer progression.
In addition, the early structure and the developmental pattern of the zebrafish brain are
very similar to that of human beings, in terms of overall organization of the major
brain components, generation, differentiation and connectivity of neurons, and onset
of specific signaling mechanisms-for example, Hedgehog pathway, which regulate cell
fate specification in neural tube (Tropepe and Sive 2003). The homologous brain
microenvironment and ability to image the dispersal of individual cells over time
motivated us to use the zebrafish to study glioblastoma cell invasion.
To determine if calpain 2 regulates glioblastoma cell invasion in live brain, 50
to 150 control or calpain 2 knockdown glioblastoma cells were transplanted into the
brain of four-day-old fish, the age at which development of brain ventricles and the
vascular system is complete in zebrafish (Isogai et al. 2001). The cells were stained
with CMDiI, a photostable probe that becomes highly fluorescent after incorporation
into the membranes of living cells (Molecular Probes, Invitrogen). After injection,
zebrafish were monitored overnight and the healthy and active fish selected to
examine the morphology and distribution of injected cells in the brain. Fluorescence
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microscopy was used to image the animals for six days post injection (6 dpi), and
careful attention was paid to similar alignment of fish on successive days of imaging
to be able to correlate the dispersal pattern of cells in the brain tissue. Sixteen hours
after injection, the cells appeared as a compact cluster in the midbrain of the zebrafish
(Fig 2.2A). By 3 dpi, control cells had started to migrate away from the initial cell
cluster into the surrounding tissues, whereas, Knockdown cells remained as a compact
cluster and separation of any surface cells was rarely observed. By 6 dpi, dispersal of
control cells was extensive with individual cells migrating as far as 450 µm within the
brain. In contrast, calpain 2 knockdown cells maintained a loose cluster with little
dispersal, mostly in close proximity to the site of injection (Fig 2.2A).
The area occupied by the glioblastoma cells at 1, 3 and 6 dpi was measured as
described in Materials and Methods. The dispersal area for control cells increased by
160% over 6 days compared to only 50% increase for the calpain 2 knockdown cells
(Fig 2.2B). Regression analysis of the data shows that if the initial area occupied by
both cell types is same, knockdown of calpain 2 expression was calculated to decrease
the final dispersal area by 39% compared to control cells with the 95% confidence
interval between 24 to 47% (two sided p value <0.0002) (Fig 2.2C). To verify that the
CMDiI staining was stable during the time course, a fraction of the glioblastoma cells
prepared for transplantation into zebrafish was plated in tissue culture dish, maintained
under standard ex-vivo culture conditions and imaged through one week post labeling.
The morphology and spreading of cells appeared healthy with the CMDiI stain
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Fig 22.2: Calpain 2 expression is required for dispersal of glioblastoma cells in
zebrafish brain microenvironment.
(A) Control and calpain 2 knockdown (KD) glioblastoma cells were labeled with
CMDiI dye and microinjected in the brain of zebrafish 4 days post
fertilization. Animals were imaged at 1, 3 and 6 days post injection (dpi)
with Zeiss axiovert 100 fluorescence microscope to assess the distribution of
transplanted cells in the brain. The inset shows the initial position of the
cells in the brain at 0 dpi in the overlay of brightfield (colored blue) and
fluorescence (red) images. The image is representative of >100 injected fish
for each cell line from three separate experiments.
(B) The bar graph represents the average area occupied by control and KD cells
at 1 day and 6 dpi (µm2). The graph is representative of three independent
experiments and error bars show SEM. Area of tumor cell dispersal was
quantified using distance calibration tool in Metamorph 6.2 as described in
materials and methods.
(C) The box plot compares the percent increase in the area occupied by cells from
day 1 to day 6. When Initial area is fixed, calpain 2 knockdown decreases the
final dispersal area by 39% and the 95% confidence interval (CI) ranges
between 24 to 47%. Two sided p value <0.0002.
(D) Comparison of the stability of CMDiI fluorescence of control (2pC) and
calpain 2 knockdown (2pR) cells over time. Images were captured at 2 and 4
days post staining (dps). High fluorescence intensity was maintained without
any obvious adverse effects on the morphology and spreading of cells. The
rounding appearance of cells at 6 dpi is merely due to the more restricted
distribution of the stain on the cell membranes. Scale bar= 100µm.
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distributed throughout the cellular membrane systems including plasma membrane
projections (Fig 2.2D). This result demonstrates that calpain 2 expression is essential
for the invasion of glioblastoma cells in a live brain microenvironment.

Human glioblastoma cells disperse primarily along blood vessels in zebrafish brain

In 1940 Scherer suggested that glioma cells do not migrate randomly, but
follow certain preferred paths, such as blood vessels or axon fiber tracts in the brain
(Scherer 1940). Since then, many reports have improved our understanding of the
pattern of glioma invasion based on results inferred from fixed tissues or organotypic
tissue culture studies (Bernstein and Woodard 1995; Farin et al. 2006; Guillamo et al.
2001). Nevertheless, until now the biggest limitation has been to visualize the
migration of cancer cells in a living brain with functional blood circulation. The easy
visualization of the zebrafish vasculature makes it possible to monitor the interaction
of cancer cells with the blood vessels during migration. To investigate preferred
patterns of dispersal, we transplanted glioblastoma cells, stained with CMDiI dye, into
the brain of Tg(fli1:egfp) line of zebrafish expressing GFP in the vascular system, and
the animals were examined for two weeks post injection using a LSM510 confocal
microscope.
By 1 dpi, cells were localized in clusters in the midbrain and appeared to have
begun interacting with the blood vessels such as primordial midbrain channel (PMBC)
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and anterior cerebral vein (ACeV). By 6 dpi, most of the cells had aligned in small
groups along the abluminal surface of blood vessels in proximity and invaded into the
surrounding regions in the brain (Fig 2.3). A distinct pattern of preference was noticed
where glioblastoma cells demonstrated increased association with the larger blood
vessels such as PMBC or ACeV even though the original cell mass at 1 dpi was
observed to be surrounded with a meshwork of smaller vessels such as central arteries
(Fig 2.3). This may simply have been due to the increased area for attachment on the
vessel wall or due to the volume of blood flowing through the channel which provides
a rich source of nutrients, oxygen and signaling factors to help stimulate cellular
motility, although, the exact reason requires further investigations. After 12 dpi, cells
were extensively dispersed and were found at far distances in the brain from the
original site of injection. However, we noticed significantly decreased intensity of
CMDiI staining of cells, which can be accounted based on the dilution of the dye due
to cell proliferation, as well as the dispersal of cells which made weak fluorescence
from individual cells difficult to detect (data not shown).
To further dissect the pattern of glioblastoma cell organization along blood
vessels, the orthogonal view (Ortho) analysis was performed on the digital sections of
the identical region on a blood vessel from the images of the same fish captured on 1
and 6dpi (Fig 2.3). At 1dpi, cells displayed much localized distribution with limited
interaction with the surface of blood vessels. By 6 dpi, extensive reorganization of the
cell mass around the vessels was observed. The spatial distribution of cells in the z-
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Fig 2.3: Human glioblastoma cells migrate along blood vessels in zebrafish
brain.
Four days post fertilization, Tg (fli1:egfp) zebrafish, expressing GFP in endothelial
cells, were microinjected with CMDiI labeled human glioblastoma cells (red).
Animals were imaged through 6 days using Zeiss LSM510 confocal microscope.
Cells were observed to migrate along the abluminal surface of host’s blood vessels
(green) as single cells or in small groups. The image represents 60 injected
animals. Invasion was assessed in three dimensions by capturing z-stacks at the
thickness of 5.6 µm. Ortho analysis of the z-planes was performed to monitor the
distribution of migrating cells along the surface of blood vessels. Image in the Y-Z
plane shows relative distribution of CMDiI labeled cells along the primordial
midbrain channel whereas that in the X-Z plane shows the cells spread on the
anterior cerebral vein. The yellow regions refer to close association of cells with
the blood vessels. Blood vessel nomenclature; PMBC: primordial midbrain
channel, ACeV: Anterior cerebral vein, MtA: metencephalic artery, CtA: central
artery.
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stack along the primordial midbrain channel over the period of 6 days has been shown
in the X-Z plane, whereas the distribution of cells along the anterior cerebral vein has
been shown in the Y-Z plane. The pattern of cellular distribution showed that during
migration, cells associate closely with the outer surface of the blood vessels as shown
by the intense yellow regions along the circumference of vessels at 6dpi.
Holash and colleagues introduced the term “vessel cooption” to describe the
process in which tumor cells use the preexisting host vessels to migrate along and
fulfill their need of nutrients and oxygen (Holash et al. 1999). To determine if calpain
2 plays a role in vessel cooption, approximately 150 control and calpain 2 knockdown
cells were transplanted in the same location in Tg(fli1:egfp) zebrafish brain, to expose
them to the similar surrounding of blood vessels. By 1 dpi, cells were observed in
clusters surrounded by a network of smaller central arteries, and equidistant from the
larger blood vessels such as anterior cerebral vein and primordial midbrain channel
(Fig 2.4A). By 6 dpi, control cells exhibited a diffuse pattern of infiltration in the
brain, and in ~90% of zebrafish, extensive encasing of the anterior cerebral vein and
associated vessels with invading cells was observed. In contrast, the transplanted
knockdown cells remained confined in clusters at 6 dpi in 75% of the zebrafish. The
localization of tumor cells to the blood vessels was quantified by using the histo
analysis tool of the LSM image analysis software. At 6 dpi, 29% of control tumor cells
were found co-localized with the blood vessels compared to 9.5% at 1 dpi, (paired ttest, p=0.003). In contrast, the association of knockdown cells with blood vessels
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increased only 6%, from 11% to 17%, over the period of 6 days (paired t-test,
p=0.007) (Fig 2.4B). Further, the difference in the co-localization was compared for
the set of fish injected with control and knockdown cells. Co-localization with blood
vessels was three fold less for the calpain 2 knockdown cells compared to control cells
(paired t-test, p=0.02), supporting the conclusion that calpain 2 expression is required
for glioblastoma cell invasion in the brain microenvironment of zebrafish.
Glioblastoma cells appeared to migrate predominantly along the blood vessels
suggesting that was the preferred path of invasion in the brain, which is consistent
with the observation from the rodent orthotopic model of glioma invasion (Guillamo
et al. 2001). Glioblastoma cells were not observed outside the brain consistent with
previous reports that human glioma cells do not metastasize and have rarely been
found in tissues outside the brain, strengthening the validity of using zebrafish as a
model for glioblastoma cell invasion. In summary, we report that human glioblastoma
cells injected into the zebrafish brain microenvironment survive and preferentially
disperse along blood vessels during invasion of the surrounding brain tissue.

46

1dpi

(A)

6dpi

Control

ACeV

CtA
PMBC

Left Eye

KD
ACeV
PMBC
Left Eye

CtA

47

(B)
% tumor cells colocalized with blood
vessels

40
35
30
25

Control

20

KD

15
10
5
0
1

6

Days Post Injection

Fig 2.4: Decreased association with blood vessels shows that knockdown of
calpain 2 inhibits dispersal of glioblastoma cells.
Control and calpain 2 knockdown (KD) human glioblastoma cells were
transplanted in the brain of 4 dpf Tg(fli1:egfp) zebrafish. Fish were imaged
for 6 dpi using Zeiss LSM510 confocal microscope. Animals were aligned
identically while imaging on successive days to visualize same blood vessels.
(A) Control cells extensively infiltrated the surrounding brain by migrating long
distances as single cells or in small groups primarily along blood vessels. In
contrast, calpain 2 knockdown cells remained confined in clusters. The
yellow regions refer to close association of cells (red) with blood vessels
(green). Images are representative of 30 animals injected with each cell line.
Blood vessel nomenclature; PMBC: primordial midbrain channel, ACeV:
Anterior cerebral vein, CtA: central artery.
(B)

Colocalization of glioblastoma cells with blood vessels in the zebrafish brain
was calculated using image analysis tool on LSM510 confocal microscope.
When compared with the starting localization of tumor cells with blood
vessels at 1 dpi, control tumor cells exhibited 3-fold increased association
with blood vessels at 6 dpi (p=0.003) in contrast to only 1.5-fold increase in
the colocalization of calpain 2 knockdown cells (p=0.007). The error bar
shows standard error of mean.
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Knockdown of calpain 2 attenuates tumor cell angiogenesis in zebrafish brain

Angiogenesis is defined as the elongation of new capillaries or the branching
of existing blood vessels (Holash et al. 1999; Vajkoczy et al. 2002). Angiogenesis and
the degradation of extracellular matrix by MMPs are two well-studied phenomena
associated with the invasion and metastasis of cancer cells (Fischer et al. 2005; Gagner
et al. 2005; Nakada et al. 2003). Our lab reported 36% lower levels of active MMP2 in
the surrounding media of calpain 2 knockdown cells than in control glioblastoma cells
which correlated with 90% reduction in invasion of knockdown cells through Matrigel
matrix (Jang et al. 2010). Further, knockdown of calpain 2 was shown to inhibit the
VEGF induced angiogenesis of pulmonary microvascular endothelial cells in vivo (Su
et al. 2006). However, the result was inferred indirectly from the amount of
hemoglobin content observed in the Matrigel plug grafted subcutaneously in the
mouse skin. The ability to clearly visualize the blood vessels in transparent vessels in
Tg(fli1:egfp) zebrafish provided us with the advantage to better determine the
reorganization of existing vessels or formation of new blood vessels, before and after
the transplantation of cancer cells. We asked if calpain 2 regulates tumor cell
angiogenesis to enhance the invasion of glioblastoma cells.
The organization of blood vessels, in z-stacks and the 3-D reconstructed
images, was compared for each zebrafish on 1 and 6 dpi. Twenty-three percent of the
fish injected with control glioblastoma cells demonstrated clear evidence of
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angiogenesis and the newly formed vessels were densely surrounded with tumor cells
(Fig 2.5). Another 20% of control cells injected fish displayed vessel reorganization,
marked by the spatially altered alignment of preexisting vessels presumably caused by
the invading cells. In contrast, only 9% of fish injected with calpain 2 knockdown
cells showed low levels of angiogenesis where short new vessels appeared to form
close to many preexisting vessels (Fig 2.5). Furthermore, the number of animals
showing spatial reorganization of existing vessels around tumor cells was also less
(approximately 10%) than control cells.
According to previous studies, an increase in the number of invading cells
along the perivascular surfaces was observed when anti-angiogenic treatments were
applied (Lamszus et al. 2003). We also observed that tumor cells invaded long
distance (up to 450 µm) in the brain along blood vessels without showing significant
remodeling of associated vessels or formation of new vessels. Increased angiogenesis
was demonstrated by cells that either remained in clusters or migrated short distances
in local vicinity. Together, our data suggests that calpain 2 plays a role in the process
of angiogenesis, however, consistent with previous reports, angiogenesis was not
observed as the essential requirement for glioblastoma cell invasion in the brain.
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Fig 2.5: Knockdown of calpain 2 attenuates tumor cell angiogenesis in
glioblastoma.
Tg(fli1:egfp) zebrafish, 14 dpf, transplanted with control (top panel) and calpain 2
knockdown (bottom panel) human glioblastoma cells were imaged for 6 days post
injection using a LSM510 confocal microscope. Three-dimensional reconstruction
of tumor cells invading the brain of zebrafish at 1 dpi and 6 dpi shows blood
vessels in green and tumor cells in red. The newly formed blood vessels at 6 dpi
are shown with blue arrows. Images were obtained from the same animal on
consecutive days. Images demonstrate the frequency of angiogenesis in control
and calpain 2 knockdown (KD) cells.
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Glioblastoma cells do not invade in the yolk sac of zebrafish

The interaction of cells with the extracellular matrix is an important regulator
of cell motility (Ulrich et al. 2009). The density and composition of extracellular
matrix components is characteristically defined for different tissues and organs.
Recently, the human melanoma cells microinjected in the yolk sac of zebrafish were
shown to proliferate and migrated into the surrounding organs including intestine,
pancreas and liver (Haldi et al. 2006). To determine the effect of extracellular matrix
density on glioblastoma cell invasion in live animals, ~100 control and calpain 2
knockdown cells were microinjected in the yolk sac of 4dpf zebrafish. Both control
and knockdown cells failed to demonstrate any significant extent of migration or
invasion in spite of the nutrient rich environment of the yolk sac (Fig 2.6A). Although
cells showed localized spread within the yolk sac boundary, no trace of their invasion
in the surrounding visceral organs outside the yolk sac was noticed. The increase in
the average area occupied by transplanted cells after 5 dpi was minimal for both
control and calpain 2 knockdown glioblastoma cells (Fig 2.6B). This indicates that
calpain 2 expression does not drive glioblastoma cell invasion in a non-brain
microenvironment. This could be partly explained on the basis of the lack of rich
vascular networks in the yolk sac. The complexity of the yolk vascular system is
negligible compared to the brain, with only right and left supraintestinal vein (SIV)
remaining after 4 days post fertilization (dpf). These also degenerate by 7 to 8 dpf
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Fig 2.6: Human glioblastoma cells do not invade in the yolk sac of zebrafish.
(A) CMDiI labeled control and calpain 2 knockdown cells (KD) were
microinjected in the yolksac of zebrafish at 4 dpf. Animals were imaged for 5
consecutive days using Zeiss axiovert fluorescence microscope as described
in materials and methods. Images were captured with brightfield (colored
blue) and with rhodamine fluorescence filter in place (red). Cells
demonstrated negligible tendency of invasion and remained confined into the
yolk sac. The images are representative of 40 injected fish.
(B)

The area occupied by cells (µm2) at day 2 and 5 post injection were
quantified as described in materials and
methods. n=3; error bars represent standard error of mean.

55

when yolk is completely consumed. Since, our results have indicated that calpain 2
regulates the invasion of glioblastoma cells primarily along blood vessels, the lack of
vessels and hence the basement membrane of the vascular wall presumably presents a
tough challenge for the migration of glioblastoma cells.

Calpain 2 is required for glioblastoma cell invasion in organotypic mouse brain slices

Considering the differences between the complex microenvironment between
mammalian and zebrafish brain such as lack of cerebral hemispheres in zebrafish, it is
important to verify the requirement of calpain 2 for glioblastoma cell invasion in a
mammalian brain environment. The ex vivo culture of mouse brain slices has been
used to examine the invasiveness of glioma cells (Valster et al. 2005) and studies have
shown that brain slices preserve tissue architecture and composition for several weeks
in culture (Gahwiler et al. 1997). In this study, 10,000 CMDiI labeled control and
calpain 2 knockdown glioblastoma cells were transplanted in 400µm thick sections of
brain tissue in culture and tumor cell invasion was examined for 5 dpi with a LSM510
confocal microscope. Both control and knockdown cells demonstrated rapid invasion
in the tissue, however, by 5 dpi, knockdown cells showed decreased area of dispersal
compared to control cells (Fig 2.7). The area occupied by control cells progressively
increased from 1.22mm2 (0 dpi) to 5.68mm2 (5 dpi) in the z-slice showing maximum
diffusion of cells. In contrast, the area occupied by calpain 2 knockdown cells
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increased from 1.29mm2 at 0 dpi to 2.97mm2 at 5 dpi. In essence, compared to 365.5%
increase in the area of dispersal for control cells, knockdown cells demonstrated only
130% increase in the area of dispersal after 5 days of injection. This is comparable to
the difference of the area of dispersal between control and calpain 2 knockdown cells
observed in the zebrafish brain.
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Fig 2.7: Knockdown of calpain 2 inhibits glioblastoma cell invasion in
organotypic mouse brain slices.
Control and calpain 2 knockdown (KD) glioblastoma cells were stained with
CMDiI and 10,000 cells were placed in the top layer of brain tissue slices obtained
from 62 days old mice and maintained in culture as described in the Materials and
Methods. The slices were imaged for 5 successive days using LSM510 confocal
microscope to monitor the invading tumor cells. The area of dispersal (mm2) was
measured using the LSM image analysis software. The image is representative of
10 slices for each cell lines obtained from two different mice. The images at 6 dpi
were captured using tile scanning method to cover the wide area of dispersal of
tumor cells.
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Conclusion
Glioblastoma is a devastating diagnosis with a median survival span of
approximately one year for patients (Suzuki et al. 2010). The transformed cells acquire
unusual migration ability leading to the diffuse invasion in the brain tissues. However,
the inability of these cells to penetrate the blood vessel’s wall (Bernstein and Woodard
1995) has instigated much interest in finding whether glioma cells are deficient in
certain motility factors or proteolytic enzymes that would normally enable tumor cells
to intravasate the blood vessels.
This study shows that the knockdown of calpain 2 was significantly effective
to restrict the dispersal of tumor cells away from the original site of injection in the
zebrafish brain. Control glioblastoma cells rapidly aligned along the nearby blood
vessels and migrated up to 450µm into the brain within 6 dpi. In contrast, the majority
of the knockdown cells remained confined as focal mass and infrequent cases of
migration to a maximum of 250µm were recorded. This observation is important
because inhibition of the tumor dispersal is the primary requirement for the effective
surgical resection of the tumor.
Consistent with previous reports, we did not find any clear indication of
glioblastoma cell penetration into the blood vessels; however, the ortho analysis of the
tumor cells distribution along the blood vessels in the x-z and the y-z plane showed
that cells closely associate with the outer surface of blood vessels during migration.
Angiogenesis is considered as an important aspect of tumor progression and invasion.
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The ability to visually monitor the reorganization of the existing vessels or
angiogenesis induced by tumor cells motivated us to use the transgenic Tg(fli1:egfp)
zebrafish. Although we observed that knockdown of calpain 2 decreased the frequency
of angiogenesis, however, tumor cells preferably migrated along the surface of host’s
blood vessels. The decreased rate of angiogenesis in knockdown cells compared to
control cells could possibly be due to the down regulation of the secretion of the
angiogenic factor VEGF, but the definitive conclusion requires further investigations.
The comparable results of glioblastoma cell invasion between zebrafish brain and
organotypic mouse brain slices strengthens the validity of using zebrafish as an
orthotopic model for brain tumor cell invasion and angiogenesis studies. CMDiI
staining of cells has a great advantage in that it can be readily used for any type of
cells without any adverse effect on the morphology or interaction of cells with the
extracellular matrix. However, the dilution of fluorescence intensity over time and
weak fluorescence intensity from scattered individual cells are the biggest limitation.
This prohibited the monitoring of invading tumor cells or the remodeling of blood
vessels in the brain for extended time. The efforts are underway in our lab to prepare
glioblastoma cells with alternative markers, for example, stable expression of GFP.
Calpain 2 has been implicated in different invasion-related processes such as
regulation of MMPs and formation of invadopodial projections in different types of
cancer cells; however, besides modulating extracellular matrix, as above processes are
involved in, a necessary feature required for the efficient invasion of tumor cells is the
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flexibility of the membrane and deformability of the cell shape that enables the cell to
cruise through the narrow pores of extracellular matrix. Reorganization of the actin
cytoskeleton at the cortical cell surfaces is the primary requirement for the pliability of
cell membranes and the remodeling of actin cytoskeletal structures depends on the
structural and functional regulation of actin binding proteins which are responsible for
the polymerization, branching, bundling and cross-linking of actin filaments. Cell
migration in the three dimensional matrix is highly regulated by the orthogonal
networks of actin filaments at the cell periphery and filamin is the only known actinassociated protein that cross-links branched actin filaments into orthogonal networks.
We propose that the regulated proteolysis of filamin by calpain is a potential
mechanism for regulating glioblastoma cell invasion which needs to be verified.
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Materials and Methods

Reagents
DMEM media and Trypsin/EDTA was from Mediatech, Inc. (Manassas, VA).
L-glutamine, Geneticin, D-PBS and CMDiI were purchased from Invitrogen (Eugene,
OR). FBS was purchased from Sigma (St. Louis, MO). Matrigel was from BD
Biosciences (Bedford, MA) and transwell permeable support (6.5mm diameter, 8.0µm
pore size) was purchased from Corning (Corning, NY). CIM-16 plate was ordered
from Roche Applied Sciences. FuGENE HD was purchased from Roche
(Indianapolis).

Cell culture and labeling
Human U87MG glioblastoma cells were obtained from American Type
Culture Collection (Manassas, VA) and cultured in DMEM media containing 1% Lglutamine and 10% fetal bovine serum (FBS) at 37°C and the standard conditions of
100% humidity, 95% air and 5% CO2. Control and calpain 2-specific shRNA was
purchased from SA Biosciences (Frederick, MD). After transfection with the shRNA
plasmid using FuGENE HD, glioblastoma cells with stable incorporation of control
and calpain 2 specific shRNA in the genome were selected with 600µg/ml Geneticin
and maintained in 400µg/ml Geneticin. The nucleotide sequence of calpain 2-specific
shRNA was 5’-GGGCTGAAGGAGTTCTACATT-3’ and the control shRNA was 5’-
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GGAATCTCATTCGATGCATAC-3’. For transplantation in the zebrafish brain and
mouse brain tissues, glioblastoma cells were grown to 80-90% confluency and labeled
with cell tracker CMDiI dye from Invitrogen (Eugene, OR). The acronym CMDiI
stands for the carboxymethylbenzamido (CM) derivative of the dialkylcarbocyanine
(DiI) fluorescent probes. This is an amphiphilic molecule that comprises a charged
fluorophore that localizes the probe at the membrane's surface and 18 carbon long
lipophilic aliphatic tail that inserts into the membrane bilayer and thus anchors the
probe to the membrane. The excitation and emission wavelength of CMDiI is 553nm
and 570nm respectively with the molar extinction coefficient of 134000 cm-1M-1.
Labeling of cells was performed according to manufacturer’s protocol. A vial of
CMDiI containing 50µg lyophilized powder was thawed at room temperature (RT) for
10 min and suspended in 50µl sterile dimethyl sulphoxide (DMSO) in the cell culture
hood to prepare the stock (1 mg/ml). Immediately before labeling, the final working
solution of 2µM was prepared by diluting 30µl of 1mg/ml stock in 15 ml filter sterile
Dulbecco’s phosphate buffered saline (D-PBS) from Invitrogen. Cells were washed
once with sterile DPBS and 7.5 ml of 2 µM dye solution was added to uniformly cover
the layer of ~90% confluent adherent cells in a 75 cm2 flask. Cells were incubated at
37°C for 5 min and the staining was continued for additional 15 min at 4°C which
enhances the incorporation of the probe in the plasma membrane and slows down
endocytosis reducing dye localization into cytoplasmic vesicles. Post staining, cells
had rounded up but were attached to the plastic surface. Cells were harvested using 0.8
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ml trypsin-EDTA and collected by centrifugation at 1200 rpm for 2 min. The cell
pellet was recovered in 5 ml media to make single cell suspension before counting
using hemocytometer. The final concentration of 5cells/nl was prepared for
transplantation experiments. During entire period of transplantation, stained cell
suspension was maintained at 37°C.

Real-Time invasion assay
The real time monitoring of glioblastoma cell invasion was performed using
xCELLigence from Roche Applied Sciences. This system used a specialized transwell
apparatus CIM plate 16 (Cell Invasion and Migration) and the RTCA DP (Real Time
Cell Analyzer-Dual Plate) instrument for performing electrical measurements. The
lower side of the upper chamber of CIM plate contains an integrated microelectrode
sensor made of gold coating which measures real time changes in the electrical
impedance and provides quantitative information about the number of cell, cell
viability and quality of cell attachment to the membrane. In this study, three different
concentrations of Matrigel were used in the upper chamber of each well to make the
extracellular matrix of varying density. Since Matrigel polymerizes at RT, the tools for
Matrigel handling which included Matrigel, upper chamber of CIM plate, wide bore
pipette tips, tubes and serum free media, were precooled at 4°C for one day before the
experiment. The assay was performed according to manufacturer’s protocol. Twenty
microliter of Matrigel diluted in serum free media at concentrations 0.8mg/ml,
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0.4mg/ml and 0.2mg/ml were coated in the upper chamber of the transwell and
polymerized at 37°C for 4hrs. After polymerization, media was added to the lower
chamber and it was assembled with the upper chamber to allow the microelectrode
membrane surface to reach equilibrium. Cells were harvested with trypsin-EDTA and
finally suspended in serum free media. Immediately before adding cells, the
background impedance measurement of the media was recorded. Fifty thousand cells
were added to the upper chamber of each well and the lower chamber contained
DMEM media with or without FBS as chemoattractant. Cells were allowed to settle
down for 30 – 45 min at RT and the CIM plate assembly was placed in the RTCA DP
analyzer to record the electrical impedance of the membrane for 20 hrs at intervals of
15 min. The invasion data was analyzed using the RTCA software. The relative
change in the electrical impedance between measurement at any time (t) and the
background value (t0) is expressed as Cell Index (CI) for each well. Therefore, CI
reflects the number of cells reaching to the membrane and the quality of cell
attachment with the membrane. The slope of cell index curve was calculated for each
well between the time points of 50 min (the period between background check and
initial invasion measurement) and 20 hr when the curves approached saturation and
the experiment was ended. The slope describes the changing rate of cell index value
and is correlated with rate of cell invasion. The standard deviation is calculated for the
cell index values for each individual well and is represented as the error bar on the
slope graph.
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Zebrafish handling and cancer cell transplantation
Zebrafish were housed and reared at Sinnhuber Aquatic Research Laboratory
(SARL) at Oregon State University. Adult tropical 5D strain and Tg(fli1:egfp) strain
of zebrafish (Danio rerio) were kept at standard laboratory conditions of 28°C on a 14
hr light/10hr dark photoperiod in fish water consisting of reverse osmosis water
supplemented with a commercially available salt solution (0.6% Instant Ocean®).
Adult zebrafish were group spawned and embryos were collected and staged as
described (Kimmel et al. 1995). All animal experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC). For the glioblastoma cell
dispersal assay, tropical 5D zebrafish embryos were xenotransplanted at 4 dpf (Fig 2)
whereas Tg(fli1:egfp) fish were transplanted with glioblastoma cells at 14 dpf (Fig
3,4,5) and 4dpf (Fig 6). Glioblastoma cells in culture were labeled with CMDiI dye as
described above and suspended in media at 5x106cells/ml. Zebrafish were anesthetized
with 0.004% Tricaine in fish water and oriented in a small drop on a dry 2% agarose
plate so that the dorsal surface of the head is exposed facing up to allow injecting cells
into the brain. The needles for injection were prepared by pulling a borosilicate glass
micropipette with internal diameter of 0.5mm and external diameter 1.4mm using a
glass micropipette puller (Sutter Instrument Co., Novato, CA). The cell suspension
(20µl) was mixed with phenol red (2µl) and the mixture (8 µl) was loaded in the
needle which was placed on the ASI MPP1-2 air driven pressure injector. Cells were
injected at 30psi with adjusted pulse durations to inject 50-200 cells. Post injection,
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fish were immediately transferred to fish water in a separate container. After overnight
recovery from injection, fish were imaged for the distribution and morphology of
injected cells in the brain and the selected animals were transferred to individual wells
of a 6-well plate containing 10 ml fish water. Animals were maintained at 29°C and
starting at 5 days post fertilization (dpf), fish were kept on 3 times feeding schedule
per day with the flake food developed at SARL.

Organotypic brain slice invasion assay
Brain tissue slices were obtained from 9-week-old B6SJL female mouse
generously provided by Dr. Joseph Beckman’s lab, Oregon State University. Animals
were anesthetized with small amount of isoflurane and the brain was immediately
obtained by decapitation. After washing the brain 2 times in 4% low melting agarose
solution in PBS (pH 7.4), it was places in a container with buffered agarose solution to
make a solid block. The block was attached to the stage of the vibratome (Leica VT
1000S) using glue and the cerebrum was further supported by adding molten 4%
agarose solution around the base of the glued block on the stage. The 400-µm-thick
horizontal slices were prepared starting from the anterior end of the brain reaching the
posterior end with the vibratome set at frequency of 85 Hz and the blade speed at 0.2
mm/sec. The tissue sections were transferred to the six-well plate containing 500µl
10%FBS-DMEM

supplemented

with

600

µg/ml

Geneticin

and

2x

Pennicilin/Streptomycin antibiotics. The brain slice culture was incubated at 37°C
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under standard conditions of 100% humidity, 95% air and 5% CO2. Before the
transplantation of glioblastoma cells, the tissue sections were transferred to the upper
chamber of a transwell cell culture insert (0.4µm pore size, six-well format) from BD
Biosciences. Next, 500µl of medium was added to the upper chamber and 1.5 ml to
the lower chamber.
Control and calpain 2 knockdown glioblastoma cells were stained with CMDiI
dye and suspended to the final concentration of 107cells/ml in 10%FBS media as
described above in this section. A 10µl Hamilton syringe was used for the
transplantation of cells in each slice. Before placing cells on the brain slice, the media
from the upper chamber of the transwell insert was aspirated to make the upper
surface of the tissue semi-dry. This is important to avoid the dispersion of cells over
the slice. Next, 104 cells were gently placed on top of the tissue in 1 µl transfer volume
in 1-2 min and tissues were left undisturbed for 10 min to allow settling of the cells in
the tissue followed by addition of 500µl media. Images were captured with a LSM510
confocal microscope 3 hrs post injection to record the initial distribution of cells on
the tissue slices. Images were further captured on 3dpi and 5dpi to monitor the
invasion of cells in the brain tissue. Area of the tumor cell dispersal was measured
using LSM510 software.
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Microscopy and data analysis
For the images shown in fig 2.2 and 2.6, zebrafish were anesthetized with
0.004% tricaine in fish water and imaged using Zeiss Axiovert 100 fluorescence
microscope with a 10x objective lens and the CCD camera at zoom 0.4. Since CMDiI
dye dilutes with each cell division, the exposure time was adjusted to capture all the
labeled cells on different days of imaging. The area of tumor cell dispersal was
measured at 1, 3 and 6dpi using the distance calibration tool of MetaMorph 6.2 image
analysis software. To measure the initial area post injection, the fish which had
received localized cell mass injection with minimal scattering were chosen to allow
the better monitoring of cell dispersal over time. The fluorescent staining in the brain
with a minimum diameter of 10µm were considered as a single cell and this criterion
was based on the diameter of a round stained cell measured under cultured condition
as shown in fig 2.2D. Also, the zebrafish which failed to orient identically on
successive days of imaging were excluded from quantification to avoid any
misrepresentation of the area occupied by cells. The images presented in fig 2.3, 2.4,
2.5 and 2.7 were captured using a LSM510 confocal microscope with 10x objective
lens. Multi-track configuration was chosen for the image acquisition and HeNe1 and
Argon lasers were used to excite CMDiI at wavelengths 543nm and GFP at 488nm
respectively. Fish were anesthetized using 0.004 - 0.006% tricaine for imaging.
For the graph shown in fig 2.4B, the association of tumor cells with blood
vessels was quantified using co-localization measurement tool of the LSM image
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analysis software. Quantification was performed on approximately 15 individual slices
from the z-stacks (ranging from 60-150µm in different fish) showing clearly visible
cells, to measure the co-localization coefficient which represents the ratio of
colocalized pixels to the total pixels in red channel, representing tumor cells. The
value from individual slices were averaged to determine the overall percentage of
tumor cells co-localized with blood vessels for control and calpain 2 knockdown cells
at 1 and 6 dpi. Identical threshold intensity was applied for all the calculations to avoid
background pixels. Student’s paired t-test was performed for the statistical analysis of
the data.
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PI3 kinase activity is required for filamin proteolysis by calpain 2 in
glioblastoma cells

Chapter 3
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Abstract
Filamin A (filamin) is the primary actin cross-linking protein which produces
orthogonal networks of actin filaments at cell periphery. With more than 70 binding
partners (Popowicz et al. 2006), the role of filamin as the dynamic scaffold protein has
received much attention in regulating many cellular processes. Filamin has been
implicated as a requirement of cell migration but the contradictory evidences
presented by many groups in recent years have opened the case of ‘filamin in cell
migration and invasion’ for debate and further investigations (Li et al. 2010).
Excessive infiltration of glioblastoma cells into the brain tissue has stimulated
research to determine the mechanisms regulating glioblastoma cell migration and
invasion. In this study, we report that filamin expression suppresses the invasion of
glioblastoma cells. Knocking down filamin demonstrated 3-fold increase in the
invasion of glioblastoma cells compared to control cells. We asked the question that
with this restrictive nature of filamin, how glioblastoma cells invade in the brain
microenvironment. The cleavage of filamin protein would be a mechanism to regulate
the cyclic turnover of actin networks promoting cell migration. With this hypothesis,
we studied calpain 2 proteolysis of filamin and the results show that PI3 kinase
regulates filamin proteolysis by calpain 2 in glioblastoma cells. This also provides a
link to the possible mechanisms for calpain 2 regulation of glioblastoma invasion. The
results from proteolysis assays revealed that the binding of PtdIns (3,4,5)-P3 to filamin
stimulates calpain 2 cleavage at a novel susceptible site after actin binding domain
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which remained undetected in the literature. Cleavage at this site has the potential to
regulate the function of filamin during cell migration and invasion.
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Introduction
Cell migration, the limiting step for tumor invasion, is an actin dependent
process and involves an orchestrated series of events which includes extension of
membrane protrusions, stable attachments with the extracellular matrix and
translocation of the cell body aided by tail retraction (Pollard and Borisy 2003;
Vicente-Manzanares et al. 2005). Actin filaments are organized into short bundles,
long stress fibers and three dimensional networks by actin binding proteins. Many of
these proteins that facilitate polymerization, depolymerization, branching, bundling
and cross-linking of actin filaments have been implicated in controlling migration of a
cell (Ayscough 1998). Filamin (FLN) make up one important family of actin crosslinking proteins comprised of three highly conserved isoforms, FLNa, FLNb and
FLNc in mammalian system (Gorlin et al. 1990; Hartwig and DeSisto 1991).
Filamin is a dimeric protein in which the dimerization domain at the carboxy
terminus is separated from the actin binding domain at the amino terminus by 23
repeat units. Filamin cross-links actin filaments branched at higher angles (>70°) into
the orthogonal networks at the leading edge of migrating cells (Stossel et al. 2001).
These networks primarily provide the mechanical and elastic strength required for
membrane protrusions and deformation resistance against the cytoplasmic sheer forces
generated during migration (Tseng et al. 2004). Filamin binds to more than 70
partners, including transmembrane receptors and signaling proteins, and assembles
them in proximity to each other, facilitating enhanced signal transduction in the cell
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(Zhou et al. 2007). These functions are crucial for cell migration in response to
microenvironmental stimuli.
Although filamin was long held as a requirement for cell migration, the
contradictory evidences presented by many research groups have opened the role of
filamin in cell migration for debate and further investigations. Cunningham et al first
showed that melanoma cells lacking filamin expression have impaired migration,
which was rescued by the re-expression of filamin protein (Cunningham et al. 1992).
In the same study, they also noticed that the increased expression of filamin resulted in
the inhibition of migration rather than stimulation. Neuronal cells expressing a
dysfunctional mutant filamin fail to migrate to the cortical region of the brain leading
to ventricular nodule formations and the disease periventricular heterotopia (PVH)
(Fox et al. 1998). However, duplication of the filamin gene, instead of loss of function
mutation, was identified in a male patient with severe PVH (Fink et al. 1997). A
filamin interacting protein FILIP was reported to control neuronal migration by
regulating filamin levels (Nagano et al. 2002). Further, strong binding of filamin with
β-integrins in the cell membrane resulted in decreased cell migration (Calderwood et
al. 2001). Recently, Baldassarre et al proposed a partial role of filamin in cell
migration, reporting that filamin is needed to initiate migration but not for the
maintenance of migration once started (Baldassarre et al. 2009). Together, these mixed
reports suggest that cell migration is impaired by both complete absence as well as
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over-expression of filamin protein, which indicates a delicate regulation of filamin
function in the process of migration.
During migration in a three dimensional space (3D), the cell body needs to
modify its shape and stiffness when moving through the extracellular matrix, the
assembly of focal adhesive interactions is less-complete and the migration is mostly
sustained by a predominantly cortical actin cytoskeleton (Friedl and Wolf 2003). The
lack of filamin would result in the absence of actin orthogonal networks which
provides elasticity and mechanical strength to the membrane, and on the other hand,
overexpression of filamin would lead to overly stabilized actin orthogonal networks
and cell-ECM attachments causing compromised flexibility and reduced detachment
needed for translocation of the cell body. Therefore, a balance in the form of cyclic
turnover of actin networks and cell-ECM attachments is essential for productive cell
migration which can be facilitated by the regulated proteolysis of filamin in migrating
cells.
Filamin has been shown to be cleaved by calpain, a calcium-activated cysteine
protease which catalyzes proteolysis of many cytoskeletal proteins involved in cell
migration (ref). The first evidence of calpain proteolysis of filamin was presented by
Dr. Pastan’s group (Davies et al. 1978), showing that cleavage affects actin crosslinking but not the actin binding ability of filamin. Human blood platelet filamin was
also reported to be cleaved by calpain (Fox et al. 1985). The site of calpain cleavage
on human filamin was first mapped between residues 1761 and 1762 in the hinge I
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region giving rise to ~190 kDa and ~100 kDa fragments (Gorlin et al. 1990). All the
reported works for calpain cleavage of filamin has been performed on purified
proteins, but the physiological relevance of this process is not yet understood.
Although, filamin has been established as a substrate of calpain (Kiema et al. 2006;
Mammoto et al. 2007), the mechanisms regulating filamin dynamics in migrating cells
is not understood.
Recently, we reported that shRNA mediated knockdown of calpain 2 resulted in
the decreased proteolysis of filamin in glioblastoma cell lysate, identifying the isoform
of calpain responsible for filamin cleavage in these cells (Jang et al. 2010). Further,
our results showed that calpain 2 is required for invasion, but not migration, of
glioblastoma cells in transwell assays which points to the involvement of filamin
proteolysis in the invasion of glioblastoma cells (Jang et al. 2010). However, the role
of filamin expression in glioblastoma cell invasion has not been studied. Persuaded
with the goal to understand the mechanisms controlling invasion of glioblastoma cells,
we got interested to determine how calpain proteolysis of filamin is regulated in
glioblastoma cells.
Calpain 2 is ubiquitously expressed in mammalian system and has been
implicated in various cellular processes and in numerous pathological conditions (Goll
et al. 2003). However, the fact that it requires millimolar concentration of calcium ions
for half maximal activity, compared to nanomolar range in the cells, has stimulated
much investigation for other factors involved in the activation of this protease. Besides
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a localized transient burst in the calcium concentration and the enzyme activation by
interacting partners, another proposal to facilitate calpain proteolysis is the ways to
modulate substrate recognition and susceptibility such as by phosphorylation or
phosphoinositides binding. The report from our lab showed that binding of
phosphoinositides, specifically PtdIns (3,4,5)-P3, to alpha actinin, modulates its
structural conformation and regulates its proteolysis by calpain (Full et al. 2007;
Sprague et al. 2008). Another study presented a correlation between overexpression of
PI3 kinase and increased calpain proteolysis of fodrin protein (Aki et al. 2002). Also,
phosphoinositides have been recognized to bind to and regulate the structure and
function of various cytoskeletal and adhesion proteins (Yin and Janmey 2003). With
respect to filamin, Furuhashi et al provided evidence that filamin also binds with
phosphoinositides, which affect the actin-gelling activity of filamin in vitro (Furuhashi
et al. 1992b). Together, these studies form the ground for the hypothesis that
phosphoinositide binding to filamin regulates its proteolysis by calpain 2.
Glioblastoma cells demonstrate constitutively elevated levels of PtdIns (3,4,5)P3 in their membrane and the autocrine signaling by glutamate is a continuous source
of calcium ion influx in these cells. The exact downstream target of calcium influx is
not known, however, calpain is a potential candidate. In this study, we determined that
filamin expression was inhibitory to the invasion of glioblastoma cells. It was
confirmed when knockdown of filamin increased the rate of invasion of these cells
through Matrigel basement matrix as determined by real time invasion analysis.
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Further, we provide evidence that PtdIns (3,4,5)-P3 binding to filamin regulates its
proteolysis by calpain 2.

Results and Discussion

Inhibition of filamin expression enhances glioblastoma cell invasion in real time

Previously, the connection between filamin and cell invasion was reported by
Varambally et al when they observed a significant decrease in the expression of
filamin protein in advanced stages of metastatic prostate cancer (Varambally et al.
2005). Recently, a similar inverse correlation between filamin expression and
invasiveness was documented for breast cancer cells (Xu et al. 2010). To identify its
role in glioblastoma cell invasion, we stably knocked down the cellular expression of
filamin protein using sequence specific shRNA as described in materials and methods.
Out of two shRNA sequences showing knockdown, the cell line with 80% knockdown
of filamin compared to the control cells was selected for further invasion analysis (Fig
3.1). Visual examination by phase contrast microscopy showed no differences in cell
shape, spreading and process formations between control and filamin knockdown
glioblastoma cells. In addition, proliferation of control and knockdown cells was
measured by cell counting of continuous cultures over time with no difference
observed between the two cell lines. Invasion was examined through Matrigel matrix
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Fig 3.1: Knockdown of filamin expression in glioblastoma cells using sequence
specific shRNA.
U87MG glioblastoma cells were transfected with plasmids encoding control
or filamin specific shRNA (KD) followed by selection for stable knockdown
cells with 1 µg/ml puromycin.
(A) The expression level of filamin protein was determined by western blotting
of total cell lysates using monoclonal anti-filamin antibody. Actin was
immonoblotted as the loading control.
(B)

Filamin expression was quantified by densitometry using Kodak Image
Station 440CF and Molecular Imaging Software. n= 4 ± SEM
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by conventional transwell assay as well as the rate of invasion was determined by real
time analysis using xCELLigence system.
In the transwell assay, 2mg/ml Matrigel was polymerized in the upper chamber
of each well to make a dense three dimensional matrix. Control and filamin
knockdown cells (50,000) were suspended in serum free media and added to the
Matrigel surface. Cells were allowed to migrate for 3 days through the matrix,
stimulated with 10% FBS as chemoattractant present in the lower chamber of wells.
Filamin knockdown cells demonstrated a 3-fold increase in invasion compared to
control glioblastoma cells suggesting to a restrictive role for filamin in glioblastoma
cells (Fig 3.2A&B). A Transwell invasion assay, like all conventional methods to test
migration, has the following limitations: single end point data measurement, labeling
of cells post experiment, and manual data analysis. It also lacks any quantitative
measurement of cell behavior or invasion patterns in real time.
Considering the invasion process in 3D, the biophysical properties such as
density and rigidity of extracellular matrix have been strongly correlated with the rate
of motility of tumor cells (Zaman et al. 2006). To investigate the effect of filamin
knockdown and density of extracellular matrix on the invasiveness of glioblastoma
cells, we performed a real time invasion assay with increasing concentration of
Matrigel. The upper chamber of the CIM assay plate was coated with 0.4 and 0.2
mg/ml Matrigel and polymerized as described in the Materials and Methods. Fifty
thousand control or filamin knockdown cells were added on top of the Matrigel layer
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and the number of cells on the bottom side of the membrane was recorded every 15
min for 19 hrs. The number of invading cells, reaching the lower surface of the
membrane, was represented as the cell index (CI) and the rate of invasion was
determined by the slope of each invasion curve. Cell index reflects the change in the
electrical impedance of the microelectrode integrated on the bottom of the transwell,
and takes into account the number of cells and the quality of cell attachment on the
membrane.
Filamin knockdown cells demonstrated consistent increased ability to invade
through all the concentrations of Matrigel, compared to control cells (Fig 3.2C). The
up regulation of invasion by filamin knockdown was more pronounced at higher
densities of matrix and the difference between control and knockdown cells were
minimal at 0.2 mg/ml Matrigel, the lowest concentration tested. Determined by the
slope of cell index curves, we observed that knockdown cells demonstrated 62% and
26% increase in the rate of invasion compared to control cells at 0.4 and 0.2 mg/ml
Matrigel (data not shown). This was in agreement with the 220% increase in invasion
observed for knockdown cells using 2 mg/ml Matrigel when assessed after 3days in
conventional transwell assay. These results suggest that filamin expression prevents
glioblastoma cells from navigating through dense extracellular matrixes. Moreover,
we observed that irrespective of filamin expression, the rate of invasion was lower, for
both cell lines, through high density matrix and a gradual increase in the invasion was
observed with decreasing extracellular matrix barriers. The prevailing concept in
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Fig 3.2: Knockdown of filamin expression enhances glioblastoma cell
invasion.
Control and filamin knockdown (KD) cells were examined for invasion
through the Matrigel extracellular matrix.
(A) Transwells with 8.0 µm pores were coated with 2 mg/ml Matrigel and 50,000
cells were added to the upper chamber in serum free media. Cells were
stimulated to invade with ± 10% FBS as chemoattractant in the lower wells.
After 3 days of incubation, cells on the bottom surface of the membrane of
the transwells were fixed and stained using DAPI.
(B) Stained cells were quantified using MetaMorph 6.2 and graph was plotted for
the number of cells that invaded through Matrigel in the presence of
10%FBS. n = 3 ± SEM.
(C) Control and KD cells were monitored in real time as described in Materials
and Methods. The upper chamber was coated with 0.4 mg/ml and 0.2 mg/ml
concentrations of Matrigel and the lower chamber received DMEM ±10%
FBS as chemoattractant. In serum free media, 50,000 cells were added to the
upper chamber of each well. The cell index represents the number of cells
that have migrated through the Matrigel to reach the bottom surface of
transwells containing the integrated microelectrode. The curves show the cell
index readings measured every 15 min for control and knockdown cells
invading through 0.4 mg/ml (top) and 0.2 mg/ml (bottom) Matrigel.
Legends: C-control; K-knockdown; S-10% FBS. Plots are representative of
two independent experiments.
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tumor cell invasion is that cells invade neighbor areas by the proteolytic degradation
of extracellular matrix mainly by secreting MMPs (Rao 2003). However, both clinical
and basic research has also shown that different cell types retain capacity to migrate in
the absence of MMPs (Wolf et al. 2003) which suggests for the involvement of other
mechanisms regulating cellular movement through the extracellular matrix. Migration
through dense surroundings with smaller pore sizes would require a high degree of
flexibility to allow deformability of the cell shape and rapid re-organization of
cytoskeletal assembly.
Since filamin is critical to provide mechanical stability to cortical actin
filaments (Flanagan et al. 2001), the knockdown of filamin would correlate with less
stable orthogonal networks and cell-ECM attachments which can be an advantage to
improve the plasticity of the cell membrane and help in the rapid cytoskeleton
contractility to facilitate increased invasion. However, in tumor cells which express
filamin at normal levels, the similar effect might be achieved by the proteolysis of
filamin protein leading to enhanced turn over of actin networks in a migrating cell.
Previously, we reported that filamin is a potential substrate of calpain 2 in
glioblastoma cells (Jang et al. 2010), however, the mechanisms regulating filamin
proteolysis are not clear.
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Calpain 2 cleavage produces novel breakdown products of filamin in glioblastoma
cells

It is well established that calpain catalyzes selective proteolysis of substrates
and, rather than complete degradation, produces functional breakdown products (Goll
et al. 2003; Wang et al. 2007). To determine the pattern of filamin proteolysis, cell
extracts from control and calpain 2 knockdown glioblastoma cells were analyzed for
filamin breakdown products by Western blotting. Previous studies have reported that
calpain cleaves filamin in the hinge 1 region generating a ~190kDa fragment from the
amino terminus and a carboxy terminal product of ~100 kDa (Gorlin et al. 1990;
Mammoto et al. 2007). Consistent with these studies, we observed the breakdown
products of 190 and 100 kDa, however, modification of the protocol to enhance
identification of low molecular weight proteins revealed a novel breakdown product of
~30 kDa (Fig 3.3). Furthermore, the 30 kDa breakdown product was significantly
reduced in the lysates from calpain 2 knockdown cells suggesting it’s generation by
calpain 2 proteolysis. The 30 kDa fragment was recognized with an antibody specific
for the N-terminal residues (1-50) of filamin suggesting that the fragment contained
the actin binding domain. Cleavage at this site would represent a novel mechanism for
the regulation of filamin function modulating the turnover of actin filament networks
during cell migration.
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Fig 3.3: Calpain 2 cleavage produces a novel breakdown product of filamin in
glioblastoma cells.
(A) The total cell lysate of control and calpain 2 knockdown (KD) cells (75000
cells per lane) was immunoblotted using monoclonal antibody against Nterminal residues of filamin. The samples were transferred and developed
separately under the conditions best suited for detecting large and small
breakdown fragments. Lower blot reveals the novel band that remained
undetected in the literature.
(B) The schematic diagram of a filamin monomer showing locations of the actin
binding domain, rod domains and the c-terminal dimerization domain. The
bars correlate the relative molecular sizes of the fragments to the structural
locations on the full length protein.
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PtdIns (3,4,5)-P3 binding to filamin enhances the susceptibility to proteolysis by
calpain 2

To understand the generation of the 30 kDa breakdown product in
glioblastoma cells, which remained undetected in previous studies of other cell types,
we revisited the unique characteristics of these cells. Glioblastoma cells possess the
constitutively higher levels of PtdIns (3,4,5)-P3 in their membranes which is attributed
to the lack of the PTEN phosphatase and enhanced activity of PI3-kinase (Kanu et al.
2009a). Further, data from our lab have shown that PtdIns (3,4,5)-P3 binding to αactinin in the CH2 domain of the actin binding region modulates its structure (Fraley
et al. 2005; Full et al. 2007), function (Corgan et al. 2004) and increases its proteolysis
by calpain 2 (Sprague et al. 2008). Since, the actin binding domain are highly
conserved in the spectrin family of actin binding proteins which includes α-actinin and
filamin, we tested for the regulation of filamin proteolysis by PtdIns (3,4,5)-P3
binding. To enhance detection of calpain 2 proteolysis in the amino-terminal region,
assays were carried out using filamin purified from chicken gizzard which does not
have hinge 1 region between repeats 15 and 16 (Barry et al. 1993; Ohashi et al. 2005).
However, the amino acid sequence of human non-muscle filamin and chicken gizzard
filamin is 76% identical over entire protein and 85% identical in the actin binding
domain (Ohashi et al. 2005). Purified filamin was incubated with PtdIns (3,4,5)-P3 to
allow binding before calpain 2 was added and the catalysis was triggered by adding
CaCl2. The proteins were analyzed after separation by SDS-PAGE. Minimal cleavage
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Fig 3.4: PtdIns(3,4,5)-P3 binding increases the susceptibility of filamin to
proteolysis by calpain 2.
Filamin (2 µM) was pre-incubated in the presence or absence of PtdIns(3,4,5)-P3
(50 µM) for 15 min at 30°C for 15 min. Calpain (0.17µM) and CaCl2 (1 mM) were
added and the incubation was continued at 30°C. Samples were removed at 0, 2
and 5 min and the reaction was stopped with 2x SDS buffer containing EDTA and
EGTA. After boiling for 2 min at 100 0C, the proteins were separated on a 7.5%
gel by SDS-PAGE and stained with GelCode Blue. n = 6.
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Fig 3.5: PtdIns(3,4,5)-P3 binding increases the sensitivity of filamin to low
nanomolar concentrations of calpain 2.
Filamin (2 µM) was pre-incubated with or without PtdIns(3,4,5)-P3 (50 µM) at
30°C for 15 min. Incubations were further continued for additional 5 min at 30°C
in presence of increasing concentrations of calpain 2 and 1mM CaCl2. Reactions
were stopped with 2x SDS buffer containing EDTA and EGTA. After boiling for 2
min at 100 0C, the proteins were separated by SDS-PAGE and stained with
GelCode Blue. n = 3.
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was observed in the absence of PtdIns (3,4,5)-P3; however, when PtdIns (3,4,5)-P3
was bound to filamin, almost complete loss of full length protein was observed in first
2 min producing a stable breakdown product migrating at molecular weight of
approximately 250kDa (Fig 3.4). When filamin proteolysis was compared in presence
of PtdIns (4,5)-P2 or PtdIns (3,4,5)-P3 binding, our results showed a significantly
higher effect of PtdIns (3,4,5)-P3 binding to increase the filamin cleavage (data not
shown). This indicates for a role of PI3-kinase in regulating filamin proteolysis in
cells. Moreover, when subjected to proteolysis at different concentrations of calpain 2,
filamin was very sensitive to the enzyme at as low as 50nM, when bound to PtdIns
(3,4,5)-P3, whereas, no cleavage was observed even at ten fold higher concentration of
calpain in the absence of PtdIns (3,4,5)-P3 (Fig 3.5). This result suggests that binding
of PtdIns (3,4,5)-P3 enhances proteolysis of filamin by increasing its sensitivity to
calpain. We propose that PtdIns (3,4,5)-P3 binding modulates the three dimensional
conformation of filamin exposing a site highly susceptible to calpain 2.

PtdIns (3,4,5)-P3 mediated calpain cleavage abolishes actin binding ability of filamin

The effect of calpain 2 cleavage on the function of filamin was determined by
assaying the actin cross-linking activity of filamin following proteolysis in the absence
or presence of PtdIns (3,4,5)-P3. The proteolysis incubations were performed as
described in materials and methods and the reactions were stopped with EGTA
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Fig 3.6: PtdIns(3,4,5)-P3 mediated calpain 2 cleavage inhibits actin binding
ability of filamin.
Filamin was proteolysed with calpain 2 for 5 min in presence and absence of
PtdIns(3,4,5)-P3 as in Fig 4 and the reaction was stopped with 4 mM EGTA. Actin
filaments (10 µM) were added and the solution was incubated at RT for additional
30 min. Samples were centrifuged at 100,000 x g for 30 min at RT. Proteins in the
supernatant (S) and pellet (P) fractions were separated by SDS-PAGE and stained
with GelCode Blue. n=3.
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followed by addition of actin filaments to the mixture. The binding of filamin to actin
was assessed by centrifugation at 10,000 x g, optimal to sediment actin filaments,
assuming that binding partners of actin would settle down in the pellet with actin
filaments leaving non binding proteins in the supernatant phase. When proteolyzed in
the presence of PtdIns (3,4,5)-P3, the stable breakdown product of filamin (~250 kDa)
was mostly located in the supernatant fraction suggesting inability to bind to actin
filaments (Fig 3.6). In contrast, filamin proteolysed with calpain 2 in the absence of
PtdIns (3,4,5)-P3, settled down in the pellet with actin. Similar result was observed for
the actin cross-linking ability of filamin when proteolysed in presence and absence of
PtdIns (3,4,5)-P3. To further characterize the loss of actin binding ability of the filamin
breakdown product, immunoblotting of the fragments was performed using antibody
against the carboxy terminal residues of filamin. The full length protein and the stable
breakdown product of filamin produced in the presence of PtdIns (3,4,5)-P3 was
recognized by the antibody suggesting that the c-terminal region of filamin remained
intact upon cleavage by calpain 2 (Fig 3.7A). Together, these data confirms that
calpain 2 cleaves filamin in the N-terminal region, thereby, interfering with the actin
binding ability of the fragments.

Calpain 2 proteolysis removes the actin binding domain of filamin

To precisely understand the regulation of filamin proteolysis by PtdIns (3,4,5)P3, we sought to identify the location of the highly sensitive calpain cleavage site on
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Fig 3.7: Calpain 2 cleaves PtdIns(3,4,5)-P3 bound filamin after Lys 268.
(A) Filamin proteolysis by calpain 2 was performed in the presence of PtdIns
(3,4,5)-P3 as described above and proteins were separated by SDS-PAGE.
Immunoblotting with the anti-filamin antibody specific for C- terminal
residues recognized the stable calpain 2 cleaved product (~250 kDa)
suggesting for the intact C-terminal end.
(B) The susceptible site of cleavage (marked with the arrow) was determined by
the N-terminal sequencing of the breakdown product. The sequence shows a
segment of the linker region between the actin binding domain and the rod
domain 1. n=3.
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filamin. The N-terminal sequencing of the stable breakdown product of filamin
produced by calpain 2 revealed that PtdIns (3,4,5)-P3 binding induced cleavage after
the amino acid lysine 268 (Fig 3.7B), which is located in the linker region between the
actin binding domain and the rod domain I. This finding explains why the stable
breakdown product of filamin lost the ability to bind actin filaments and suggests a
potential mechanism for the functional regulation of filamin in cells.

PtdIns (3,4,5)-P3 binding induces calpain 2 cleavage of human filamin after the actin
binding domain

To determine whether PtdIns (3,4,5)-P3 binding regulates proteolysis of human
filamin after lysine 268, a truncation fragment of the human filamin encoding the actin
binding domain and repeats one to four of the rod domain 1 (ABD-R4) was
constructed and purified as hexa-histidine tagged protein as described in the Materials
and Methods. The cDNA sequence alignment of filamin from human and chicken
gizzard finds 100% identity in the region (30 residues) flanking lysine 268, the site of
cleavage, which suggests for the similarity of the local structure in the folded proteins.
Calpain 2 proteolysis of truncation proteins was performed identically as described
above for the full length protein and the breakdown products were analyzed by SDSPAGE followed by staining with GelCode Blue. The complete loss of the full length
protein (77 kDa) was observed in the presence of PtdIns (3,4,5)-P3 generating a
breakdown product running at ~40kDa. This product was not identified with an
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Fig 3.8: Binding of PtdIns(3,4,5)-P3 to human filamin induces cleavage by
calpain 2 after the actin binding domain.
(A) The diagram of filamin truncation protein representing the relative molecular
sizes of the actin binding domain (CH1 and CH2) and repeats 1-4. The
molecular weight includes the hexa-histidine tag shown as the blue rectangle
before the actin binding domain.
(B)

Filamin (2µM) was pre-incubated with or without PtdIns(3,4,5)-P3 (50 µM)
at 30°C for 15 min. Calpain 2 (0.17µM) and CaCl2 (1 mM) were added and
the incubation was continued at 30°C. Samples were removed at 0, 2 and 5
min and the reaction was stopped with 2x SDS buffer containing EDTA and
EGTA. The proteins collected at 5 min timepoint were separated by SDSPAGE and stained with GelCode Blue. n = 3.
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antibody specific for the amino-terminal residues of filamin suggesting it to be the Cterminal fragment of the protein after cleavage at Lys268 (Fig 3.8). The Western
blotting of the fragments with anti-hexa-histidine antibody recognized a stable
breakdown product running close to the full length truncation protein in the absence of
PtdIns (3,4,5)-P3 suggesting that calpain 2 cleaved at the c-terminal end leaving the
amino-terminus intact (data not shown). The 40kDa fragment was not recognized by
the anti-hexa-histidine antibody further confirming it’s generation from the c-terminal
end of the protein. Together, these observations suggest that human filamin protein
also possesses a calpain susceptible site in the linker region between the actin binding
domain and the Rod domain 1.

Mutation of leucine to aspartic acid at residue 269 makes filamin resistant to cleavage
by calpain 2

To determine the role of PtdIns (3,4,5)-P3-induced cleavage of filamin in
glioblastoma cell invasion, we generated a mutant form of filamin resistant to calpain
2 proteolysis. Site directed mutagenesis of GFP-tagged filamin was performed to
substitute the amino acid leucine (L) at position 269 with aspartic acid (D). To confirm
that the mutant protein is resistant to cleavage by calpain 2, a truncation fragment
encoding the sequence from amino acids 1 to 660 (Fig 3.9A), which includes the actin
binding domain and repeats one to four of the rod domain 1 (ABD-R4), was cloned by

103

(A)
40 kDa

33 kDa
CH1

CH2

1

4

Filamin L269D (ABD-R4)

Cleavage site
261L

S Q F P K A K L K P G A P L275

261L

S Q F P K A K D K P G A P L275

(B)
WT

Mutant
Filamin

72
Filamin BDP
25
Calpain 2:
PtdIns(3,4,5)-P3:

+
+

+
+

104

(C)

WT

Mutant

Actin

GFP

Merge

(D)
WT

Mutant
Filamin

170
Actin
Immunoblotting: GFP

105

Fig 3.9: Point mutation of filamin at position 269 allows normal localization in
cells but prevents cleavage by calpain 2.
The cDNA of GFP-filamin was subjected to site-directed mutagenesis using
PCR to generate a clone of L269D mutant GFP-filamin which was further
verified by sequencing.
(A) The diagram shows the truncation form of the mutant filamin sequence cloned
and purified as hexa-histidine tag protein. Identical to the WT protein (Fig
3.8), the truncation fragment consisted of the actin binding domain and
repeats 1 to 4. The depicted molecular weight includes the hexa-histidine tag
shown as the blue rectangle before the actin binding domain.
(B) Wild type (WT) and mutant filamin truncation proteins (2µM) were preincubated with PtdIns(3,4,5)-P3 (50 µM) at 30°C for 15 min. Proteolysis was
initiated by adding calpain 2 (0.17µM) and CaCl2 (1 mM) and the incubation
was continued at 30°C. Samples were removed at 5, 15 and 30 min and the
reaction was stopped with 2x SDS buffer containing EDTA and EGTA. The
proteins collected at 30 min were separated by SDS-PAGE and Western
blotting was performed using anti-filamin antibody. The transfer and
immunoblotting conditions were modified in order to detect the small
breakdown products of filamin.
(C) The human glioblastoma cells stably expressing GFP-filamin wild type (WT)
or L269D mutant, maintained at 400µg/ml Geneticin, were fixed on glass
coverslips using formaldehyde and costained for actin filaments with
Rhodamine Phalloidine. No adverse effect of GFP expression or the point
mutation was observed on the cellular morphology and both WT and mutant
filamin demonstrated normal co-localization with actin filaments at the
peripheral cell membrane. The yellow regions in the merged images
represents colocalized actin (red) and GFP-filamin (green). Scale bar =25µm.
(D) The cleavage of L269D mutant filamin in glioblastoma cells was determined
by the Western blotting of total extract from cells stably expressing WT or
mutant proteins (75000 cells per lane) using monoclonal antibodies against
GFP and N-terminal residues of filamin. N=3.
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PCR and purified as a hexa-histidine tagged protein as described in the Materials and
Methods. In the presence of PtdIns (3,4,5)-P3, almost complete proteolysis of the wild
type ABD-R4 was observed. In contrast, little cleavage of the L269D mutant ABDR4 was observed by calpain 2 in the presence of PtdIns (3,4,5)-P3. The antibody
specific to the amino-terminal residues of filamin identified the expected ~30 kDa
breakdown fragment from the wild type protein and not from the L269D mutant,
which indicated that calpain 2 cleaved at the susceptible site (Fig 3.9B). Results of the
assays with ABD-R4 showed that the L269D mutant filamin is resistant to PtdIns
(3,4,5)-P3-induced calpain 2 proteolysis.
Stable clones of glioblastoma cells expressing GFP-filamin wild type or the
calpain 2-resistant L269D mutant were prepared to assay cellular function. The subcellular localization of wild type GFP-filamin appeared consistent with endogenous
filamin along actin filaments in the membrane ruffles at the cell periphery, suggesting
that the GFP tag did not alter the localization of filamin in glioblastoma cells. The
L269D mutant filamin also localized with the actin filaments in the membrane ruffles,
however, the filamin staining at the cell periphery appeared to be more intense for
calpain 2 resistant L269D mutant filamin compared to the wild type protein (Fig
3.9C). The difference in intensity between GFP-filamin wild type and L269D mutant
localized to membrane ruffles may have been due to decreased susceptibility of the
mutant to proteolysis.
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The proteolysis of GFP-filamin proteins in glioblastoma cells was investigated
by immunoblotting the total lysates from cells stably expressing wild type or mutant
proteins. A thick band representing the full length L269D mutant filamin was
observed, whereas full length wild type filamin was almost completely lost, suggesting
that the L269D filamin is resistant to proteolysis in glioblastoma cells (Fig 3.9D).
With the anti-GFP antibody, we expected to observe the breakdown fragments of ~57
kDa and ~217 kDa from the wild type GFP-filamin, based on the cleavage after lysine
268 (30 kDa) and in the hinge-1 region (~190 kDa) respectively. However, the
molecular weight of the major breakdown products indicated that filamin was cleaved
at ~143 kDa and ~223 kDa from the amino-terminal end of the full length protein,
excluding the GFP-tag (~27 kDa). These breakdown products are not observed from
the endogenous filamin in the lysate of untransfected glioblastoma cells. The
excessive proteolysis of wild type GFP-filamin raises concern that the presence of the
GFP-tag alters dynamics of the interaction with actin filaments increasing
susceptibility to degradation in cell. Therefore, stable expression of GFP-filamin in the
glioblastoma cells was not a valid approach for examining the filamin in invasion.
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PI3 kinase activity is required for filamin proteolysis in glioblastoma cells

Our data, so far, strongly suggests that filamin is a substrate of calpain 2 in
human glioblastoma cells and PtdIns (3,4,5)-P3 binding to purified filamin induces
calpain 2 proteolysis after the actin binding domain. Together, these results point to
the possible involvement of PI3 kinase pathway in regulation of filamin cleavage in
glioblastoma cells. To determine the regulation of human filamin proteolysis by PtdIns
(3,4,5)-P3 binding, glioblastoma cells were treated with the inhibitors of PI3-kinase,
wortmannin (Fig 3.9A) and Ly294002 (Fig 3.9B), to deplete the PtdIns (3,4,5)-P3
levels in the cell membrane. Further, cells were subjected to calcium ionophore,
A23187, to induce calcium influx in cells intended to stimulate calpain activation.
Cells were lysed in the SDS buffer containing EDTA and EGTA, proteins were
separated by SDS-PAGE, immobilized onto the nitrocellulose membrane and proteins
were identified using antibodies specific to amino or carboxyl terminus of filamin to
verify the pattern of breakdown products. Our finding showed that the inhibition of
PI3-kinase activity resulted in the reduction of filamin cleavage both under basal
condition as well as when stimulated with calcium ionophore (Fig. 3.9). Before
making conclusions, the depletion of PtdIns (3,4,5)-P3 in the cell membrane, caused
by wortmannin and Ly294002, was confirmed by assessing the levels of the
phosphorylated form of Akt protein in cell lysates. Akt is a protein kinase which
requires to bind PtdIns (3,4,5)-P3 for its phosphorylation at serine 473 by downstream
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Fig 3.10: PI3-kinase activity is required for filamin proteolysis in
glioblastoma cells.
U87MG glioblastoma cells were incubated with PI3-kinase inhibitors, (A)
wortmannin (50nM) and (B) Ly294002 (20µM) for 1 hr in 0.2% FBS-DMEM at
37°C. After 1 hr, cells were treated with the calcium ionophore A23187 (10µM)
for 5 min. DMSO was used as carrier for both the inhibitors and the ionophore.
Reaction was terminated and cells were lysed using 2x SDS buffer containing
EDTA and EGTA. Proteins in the lysates were separated by SDS-PAGE and
transferred to the nitrocellulose membrane. Proteins were detected using
antibodies against filamin (N-terminus), filamin (C-terminus), phospho Akt (S473), Akt (Pan) and actin.
(C) The densitometry quantification was performed for the assessment of filamin
cleavage. The bar graph shows the extent of proteolysis, in terms of the ratio of
breakdown product (BDP) to full length protein, assessed from the immunoblot
probed with anti-filamin (N-terminus) antibody in wortmannin and A23187 treated
samples in (shown in the top panel of A). Legends: W-wortmannin; A-A23187; Ccarrier. n = 3 ± SEM.
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enzymes. We also verified that the reduction in Akt phosphorylation is not a result of
the decrease in the full length protein level, by western blotting of cell lysates with
Akt (Pan) antibody which recognizes both phosphorylated and unphosphorylated
forms of Akt. The phosphorylation of Akt is also accompanied with a shift in its
electrophoretic mobility to slower migrating species (top band) and is resolved from
the unphosphorylated Akt proteins (Fig. 3.9). Immunoblotting for actin showed equal
loading of protein samples. To further eliminate any variability between protein
concentrations in the lysates, the cleavage of filamin was quantified as the ratio of
breakdown product and the full length protein. Inhibition of PI3-kinase activity
resulted in 90% reduction in the cleavage of filamin under basal condition. Stimulation
with the calcium ionophore increased filamin breakdown in general; however, an even
greater increased cleavage in the absence of wortmannin and LY294002 strongly
suggests for the PI3 kinase regulation of the calcium activated calpain 2 proteolysis of
filamin in glioblastoma cells. Importantly, the antibodies specific for the N-terminal
and C-terminal residues of filamin primarily identified breakdown products of ~190
kDa and ~ 100 kDa molecular sizes respectively. Though, the generation of these
breakdown products of filamin by calpain has been reported by previous research
groups (Fox et. al, 1985; Gorlin et. al., 1992), the regulation of this proteolysis by PI3
kinase pathway has never been studied. Our study provides, for the first time, the
molecular mechanism regulating calpain proteolysis of filamin in glioblastoma cells.
Comparing the breakdown products from chicken gizzard and human filamin, it
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appears that calpain 2 cleavage at lysine 268 might be secondary to that in hinge 1
region which can be explained based on the relatively unfolded structure of hinge
regions. In summary, our data suggests that PI3-kinase activity is required for the
proteolysis of filamin in glioblastoma cells.

114

Conclusion
This study focused to understand the molecular mechanisms regulating calpain
proteolysis of filamin in glioblastoma cells. The unique capacity of glioblastoma cells
to invade the brain tissues poses a challenge to the success of therapeutic strategies.
This emphasizes the need to understand the molecular events regulating migration and
invasion of these cells to be able to prevent tumor cell dispersal into the brain so that
focal therapies such as surgical tumor resection and radiation treatments could be
effectively applied. To facilitate their migration through the extracellular matrix
posing immense degree of barriers and obstructions, cells demonstrate dynamic
reorganization of actin cytoskeleton

which is controlled by many structural and

signaling proteins regulating the elongation, branching, cross-linking and attachment
of actin filaments to the extracellular matrix (Lauffenburger and Horwitz 1996).
Filamin cross-links branched actin filaments into orthogonal networks which
provide the viscoelastic resistance to cytoplasmic sheer forces and mechanical strength
during cell migration. We present evidence that knockdown of filamin results in
increased invasion of glioblastoma cells. Since glioblastoma cells express filamin at
high level, we got interested in how these cells achieve immense invasiveness in the
brain. Our observation that filamin is constitutively cleaved by calpain 2 in these cells
suggests for a mechanism to facilitate migration through the rapid turn over of the
orthogonal networks of actin filaments.
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This study provides first report that PI3 kinase activity is required for filamin
proteolysis by calpain 2 in glioblastoma cells. This finding provides an explanation to
a previous report in which PI3 kinase activity was correlated with the increased
invasion of glioblastoma cells (Kubiatowski et al. 2001). Further, by using purified
full length filamin from chicken gizzard and a truncation form of human filamin
protein purified from E. coli, we showed that PtdIns (3,4,5)-P3 binding to filamin
regulates its proteolysis by calpain 2 after the residue lysine 268. The cleavage at this
site inhibits the binding ability of filamin to actin filaments suggesting a role of PI3
kinase in regulation of the function of filamin protein in cells. However, the
breakdown products of filamin from experiments with purified proteins and from
human glioblastoma cell lysates suggests that cleavage in the hinge 1 region, as
previously reported (Gorlin et al. 1990) appears to be dominant in human filamin and
the cleavage after the actin binding domain appears to be prominent in the absence of
hinge 1 region (chick filamin).
It is still not known how does PtdIns (3,4,5)-P3 binding, in correlation with the
PI3 kinase regulation of proteolysis, modulates the structural conformation of filamin
to facilitate the selective proteolytic cleavage. Further investigations are required to
this end and the studies with the filamin mutants that cannot bind PtdIns (3,4,5)-P3
and/or is resistant to proteolysis by calpain 2 at lysine 268 are currently underway in
our lab. This has potential to reveal the precise molecular mechanism controlling
filamin proteolysis and its role in glioblastoma cell invasion.
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Materials and Methods

Antibodies and reagents
Filamin antibodies, anti-N-terminus monoclonal (E-3) and anti-C-terminus
polyclonal (H-300), were from Santa Cruz Biotech (San Jose, CA); anti-calpain 2 was
from Triple Point Biologics (Forest Grove, OR); anti-actin (clone AC-40) was from
sigma; anti-phosphoAkt (S-473) and anti-Akt (Pan) antibodies were from Cell
Signaling Technology (Danvers, MA) and peroxidase-conjugated goat anti-mouse IgG
and peroxidase-conjugated goat anti-rabbit IgG were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). Phosphoinositides were purchased
from Matreya (State College, PA). Calpain 2 (rat recombinant; specific
activity≥1500units/mg) was from Calbiochem. Calcium ionophore A23187 and PI3
kinase inhibitor LY294002 was purchased from Enzo life sciences (Plymouth, PA).
GelCode Blue protein staining solution was from Pierce and the nitrocellulose
membrane (0.45 µm) was purchased from BioRad. Wortmannin, FBS and Puromycin
were purchased from Sigma (St. Louis, MO). DMEM media and Trypsin/EDTA was
from Mediatech, Inc. (Manassas, VA). L-glutamine, Geneticin and DAPI were
purchased from Invitrogen (Eugene, OR). Matrigel was from BD Biosciences
(Bedford, MA) and transwell permeable support (6.5mm diameter, 8.0µm pore size)
was purchased from Corning (Corning, NY). CIM-16 plate was ordered from Roche
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Applied Sciences. Plasmid midipreparation kit was purchased from Qiagen and
FuGENE HD was from Roche Diagnostics (Indianapolis, USA).

Cell culture and knockdown of filamin
Human U87MG glioblastoma cells were obtained from American Type
Culture Collection (Manassas, VA) and cultured in DMEM media supplemented with
1% L-glutamine and 10% fetal bovine serum (FBS). Control and filaminA specific
shRNA were purchased from SA Biosciences (Frederick, MD). FilaminA (Gene
sequence available from accession # NM_001456) target sequence 1, 5’–
GGAGTGCTATGTCACAGAAAT-3’

(KD1),

CAGCTCGAGTGCTTGGACAAT-3’

(KD2)

target
and

sequence

scrambled

2,

5’

sequence

–
5’-

ggaatctcattcgatgcatac-3’ are the nucleotide sequences used to prepare filamin
knockdown and control glioblastoma cells. The stocks of high quality transfection
grade plasmid of shRNA were prepared from E. coli. Briefly, the shRNA plasmids
were transformed into competent E. coli cells of strain DH5α and the colonies were
selected in the presence of ampicillin. Bacterial cultures were grown and plasmids
were prepared according to the protocol of plasmid midipreparation kit from Qiagen.
Parental U87MG glioblastoma cells were transfected with the control and filamin
specific shRNA plasmids using Fugene HD transfection reagent and the polyclonal
population of stably transformed cells were selected and maintained with 1µg/ml
puromycin. The knockdown of filamin was verified by determining the expression
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level of filamin protein in control and knockdown cells by western blotting of the total
cell lysate with filamin specific antibodies.

Transwell invasion assay
The upper compartment of the transwell permeable supports with a porous
membrane of 8.0µm pore size were coated with 50 µl of 2mg/ml Matrigel composition
diluted in ice cold serum free DMEM to form a three dimensional extracellular matrix
barrier. After 1 hr of polymerization at 37°C, Matrigel coated transwells were
transferred to a 24 well plate containing 650µl of media with or without 10%FBS.
Fifty thousand control and filamin knockdown cells, suspended in 100µl serum free
media, were added to the upper compartment of the transwells and allowed to invade
through the matrix for 3 days at 37°C. After 3 day incubation, the Matrigel and cells
remaining in the upper compartment were removed using a cotton swab and the cells
which had invaded through the pores on the bottom side of the membrane were fixed
with methanol and mounted on a glass slide using ProLong Gold antifade reagent with
DAPI (Invitrogen). Images were captured using a cooled CCD camera (CoolSNAPHQ, Photometrics, Tucson, AZ) connected to the Axiovert 100 microscope (Carl
Zeiss, Thornwood, NY) and the number of DAPI stained cells quantified using
MetaMorph 6.2 software Molecular Devices, Downingtown, PA).
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Real-Time transwell invasion assay
The real time monitoring of glioblastoma cell invasion was performed using
xCELLigence from Roche Applied Sciences. This system used a specialized transwell
apparatus CIM (Cell Invasion and Migration) plate 16 and the RTCA DP (Real Time
Cell Analyzer-Dual Plate) instrument for performing electrical measurements. The
CIM plate transwells have a membrane of pore size 8.0µm and the lower side of the
upper chamber contains an integrated microelectrode sensor made of gold coating
which measures the real time changes in the electrical impedance and provides
quantitative information about the number of cells and quality of cell attachment to the
membrane. In this study, three different concentration of Matrigel were used in the
upper chamber of transwells to make the extracellular matrix of varying density. Since
Matrigel polymerizes at RT, the tools for Matrigel handling which included Matrigel,
upper chamber of CIM plate, wide bore pipette tips, tubes and serum free media, were
precooled at 4°C for one day before the experiment. The assay was performed
according to manufacturer’s protocol. Twenty microliter of Matrigel diluted in serum
free media at concentrations 0.8mg/ml, 0.4mg/ml and 0.2mg/ml were coated in the
upper chamber of the transwells and polymerized at 37°C for 4hrs. After
polymerization, media was added to the lower chamber and it was assembled with the
upper chamber to allow the microelectrode membrane surface to reach equilibrium.
Cells were harvested with trypsin-EDTA and suspended in serum free media.
Immediately before adding cells, the background impedance measurement of the
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media was recorded. Fifty thousand control and filamin knockdown cells were added
to the upper chamber of each well and the lower chamber contained DMEM media
with or without 10% FBS as chemoattractant. Cells were allowed to settle down for 30
- 45 min at RT and the CIM plate assembly was placed in the RTCA DP analyzer to
record the electrical impedance of the membrane for 20 hrs at intervals of 15 min. The
invasion data was analyzed using the RTCA software. The relative change in the
electrical impedance between measurement at any time (t) and the background value
(t0) is expressed as Cell Index (CI) for each well. Therefore, CI reflects the number of
cells invading through the matrix to reach the bottom surface of the membrane and the
quality of cell attachment on the membrane. The rate of invasion was determined by
calculating the slope of invasion curves between 1 hr, the point of initial measurement
after the background reading and 19 hr when the curves attained saturation and
experiment was ended. The slope describes the changing rate of cell index value and is
correlated with rate of cell invasion. The standard deviation is calculated for the cell
index values for each individual well and is represented as the error bar on the slope
graph.

Purification of filamin; full length and truncation proteins
Filamin was purified from chicken gizzard as described previously (Feramisco
and Burridge 1980). Purified protein was dialyzed in 20mM HEPES (pH 7.0), 50mM
NaCl and 1mM EDTA. The cDNA of the wild type GFP-filamin protein with the GFP
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tag at the amino-terminus was generously obtained from Dr. Thomas P. Stossel,
Harvard Medical School. The site directed mutagenesis was introduced to substitute
the amino acid leucine at position 269 with aspartic acid to prepare calpain 2 resistant
mutant GFP-filamin proteins. The full length wild type and mutant protein were
expressed in U87MG glioblastoma cells by transfection using FuGENE HD and the
stably expressing clones were selected using 600 µg/ml Geneticin and the expression
of GFP-filamin was maintained at 400µg/ml Geneticin. The mutant cDNA was
commercially obtained from Biopioneer.Inc. For the preparation of truncation
proteins, the sequence of the wild type and mutant protein coding for amino acids 1660 was amplified from the full length cDNA of filamin by PCR. The forward primer
of sequence 5’-ACAGGAATTCGATCCATGAGTAGCTCC-3’ and the reverse
primer reading 5’- ACAGAAGCTTCATGAAGGGGCTGAGGC-3’ were used to
amplify the desired region and the amplified sequence was cloned in the vector
pPROEX HTb between EcoRI and HindIII as the restriction sites. The clone was
verified by sequencing and the hexa-histidine tagged wild type and mutant proteins
were overexpressed in the E. coli and purified using Ni-NTA agarose beads according
to the manufacturer’s protocol (Qiagen). The purified proteins were dialyzed in the
same buffer used for the full length protein.
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Calpain proteolysis assay
Filamin (1.2µM, dimers) was preincubated with phosphoinositides (50µM) for
15 min at 30°C. The samples for 0 min time point were saved and incubation was
continued in the absence or presence of calpain 2 (168nM) and CaCl2 (1mM). The
reactions were stopped at defined time points with a modified gel loading buffer
containing 250mM Tris-Cl (pH 6.8), 2% SDS, 5mM EGTA, 5mM EDTA, 25mM
dithiothreitol, and 10% glycerol, followed by 2 min incubation at 100°C. The proteins
were separated by SDS-PAGE and stained with GelCode Blue (Pierce). Images were
captured on a Kodak Image Station 440CF.
For Western blotting, Proteins separated by SDS-PAGE were transferred to
nitrocellulose membranes by the method of Towbin et al (Towbin et al. 1979). The
blots were blocked for 1 hr with 5% non-fat dry milk in Tris-buffered saline (20mM
Tris base, 137mM NaCl) containing 0.05% Tween-20. The blots were subjected to
antibodies treatments diluted in the blocking buffer. The bands were visualized by
chemiluminescence using Super Signal West ECL substrate (Pierce). Band intensities
were quantified by densitometry using Kodak Image Station 440CF.

F-actin binding assay
The binding of filamin and breakdown products with actin filaments was
examined by co-sedimentation assay. Filamin proteolysis by calpain in the presence or
absence of PtdIns (3,4,5)-P3 was performed as described above. After 5 min of
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incubation with calpain 2 and CaCl2, the catalytic reaction was stopped by adding
4mM EGTA to the reaction. Actin filaments (10µM) were added and incubation
continued for 30 min at room temperature (RT) followed by centrifugation at 100,000
X g for 30 min at RT. The supernatant was separated from the pellet and proteins were
suspended in gel loading buffer. Proteins were subjected to SDS-PAGE and stained
with GelCode Blue.

PI3 Kinase activity assay
Human U87MG glioblastoma cells (1.5x106) were seeded in 100mm tissue
culture dish and grown in 10% FBS-DMEM media to achieve to 80 to 90%
confluency. After 24 hrs, the monolayer of cells was washed with 0.2%FBS-DMEM
media and incubation was continued in 0.2%FBS media for additional 12 hrs. The
serum deprived cells were subjected to PI3 kinase inhibitors; wortmannin was used at
the final concentration of 50nM and Ly294002 at 20µM diluted in DMSO, and
incubated for 1 hr at 37°C. The optimal concentration of inhibitor was determined by a
dose curve of glioblastoma cells. Calcium ionophore, A23187, was added to the same
media at the final concentration of 10µM and incubation was continued for additional
5 min. After gently aspirating the media, cells were lysed with 500 µl of modified gel
loading buffer and harvested mechanically with a cell scraper. The suspension of cells
was cleared by sonication followed by centrifugation to pellet down insoluble debris.
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The clear lysates were boiled at 100°C for 2 min and proteins were analyzed by
western blotting as described above.
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Concluding discussion and future Studies

Chapter 4
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Since its first identification in the late 19th century, glioblastoma has been
recognized as diffusely infiltrating tumors (Klatzo 1952) and the invasion of tumor
cells into the normal brain tissues is considered as the most insidious feature of this
disease (Nakada et al. 2007). Based on the knowledge of genetic mutations and
signaling pathways upregulated in glioblastoma cells, a range of individual or
multimodal therapeutic approaches have been developed. However, even with the
most aggressive therapy, survival for patients has only improved from an average of
10 months to 14 months in the last five years (Van Meir et al. 2010). The studies
presented in this thesis aimed to understand the role of calpain proteolysis in
regulating glioblastoma cell invasion. This chapter summarizes the main conclusions
of this dissertation with an effort to describe how results presented in previous
chapters are linked to answer-at least in part-the bigger question of how the invasion
of glioblastoma cells is regulated.
Until recently, clinical therapies for glioblastoma have primarily targeted cell
surface receptors of up regulated signaling pathways, angiogenesis or extracellular
matrix degrading enzymes. However, the past few years have seen increased
development of drugs aimed at intracellular signaling pathways such as inhibitors of
the PI3 kinase-Akt pathway, mammalian target of rapamycin (mTOR), and histone
deacetylase (Van Meir et al. 2010). Emerging evidence for the role of calpain 2 in
human cancer cell migration and invasion makes it a potential therapeutic target.

127

Calpain 2 regulates glioblastoma cell invasion in vitro

This study presents strong evidence for the requirement of calpain 2 for the
invasion of glioblastoma cells both in vitro and in living brain environment. As
discussed before, preventing cellular invasion has the potential to make glioblastoma
treatment curative. The in vitro real time analysis demonstrated that knockdown of
calpain 2 decreases the rate of invasion of glioblastoma cells as a function of
extracellular matrix density. The inhibition of calpain 2 resulted in 59%, 22% and 9%
decrease in the rate of invasion at Matrigel concentrations of 0.8 mg/ml, 0.4 mg/ml
and 0.2 mg/ml, respectively. This suggests that calpain 2 is essential for migration
through the dense 3D extracellular matrix and not on two dimensional (2D) surfaces.
In a previous report from our lab, we observed 90% decreased invasion for calpain 2
knockdown glioblastoma cells compared to control cells and it was correlated with
39% lower levels of extracellular MMP2 in knockdown cells. However, the drastically
decreased ability of calpain 2 knockdown cells to invade high density ECM suggests
that degrading ECM with MMPs are not the only cellular adaptations. This includes
deformability of the cell shape to be able to squeeze through the narrow pores of the
extracellular matrix.
These invasion experiments used Matrigel, an artificial extracellular matrix
which is highly rich in fibrous components such as laminin and collagen (Kleinman
and Martin 2005). The brain extracellular matrix is primarily composed of non-fibrous
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components and the fibrous ECM in the brain is limited to the perivascular areas.
Importantly, glioblastoma cells are well adapted to the microenvironment and do not
metastasize outside of the brain. Hence, the invasion of glioblastoma cells could be
truly validated when examined in brain microenvironment.

Calpain 2 is required for glioblastoma cell invasion in vivo

We used transparent zebrafish embryos to visually monitor the invading tumor
cells in the living brain. When fluorescently labeled control and calpain 2 knockdown
glioblastoma cells were transplanted into the zebrafish brain, knockdown cells showed
limited dispersal away from the initial cluster of cells. In contrast, control cells started
to detach and migrate away from the original mass as early as 1 day post injection
(dpi) and a widespread distribution of cells was observed 6 dpi. Control cells
demonstrated ~3 fold increase in the area of dispersal compared to knockdown cells at
6 dpi. To determine the preferred route of dispersal, we investigated tumor cell
invasion in the brain of Tg(fli1:egfp) zebrafish, which express GFP in endothelial
cells. Our data showed that glioblastoma cells migrated predominantly along the
abluminal surface of blood vessels. The association of tumor cells with the blood
vessels was quantified and control glioblastoma cells demonstrated 20% increase in
the co-localization with blood vessels over 6 days post injection compared to only 6%
increase in case of knockdown cells. Together, the results suggest that the expression
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of calpain 2 is essential for glioblastoma cell invasion in the brain microenvironment
However, further studies are required to determine if calpain 2 directly regulates the
association and migration of tumor cells along the blood vessels. Also, investigation is
needed to conclude if calpain 2 is required for the migration of glioblastoma cells
along the axon fibers in the brain. To further explain their localization with blood
vessels, we asked if calpain 2 plays role in angiogenesis of these tumors.

Calpain 2 enhances tumor cell angiogenesis in glioblastoma

Clinical trials of drugs targeting angiogenesis in glioblastoma tumors are
underway, however, results have shown very little efficacy. Careful examination of
tumor cells injected in the Tg(fli1:egfp) zebrafish brain revealed that knockdown of
calpain 2 reduces the frequency of angiogenesis. Important to mention here is that
vessel-cooption was observed to be the preferred path of dispersal over angiogenesis.
Since, calpain 2 knockdown cells showed limited dispersal and mostly remained
confined in clusters, more angiogenesis was predicted in the knockdown cells.
However, control cells induced reorganization of host’s blood vessels as well as
angiogenesis more frequently than knockdown cells. This suggested the involvement
of calpain 2 in the process of tumor cell angiogenesis. Further investigation is
necessary to determine the mechanism involved and the regulation of angiogenesis
factor VEGF secretion is a strong candidate for studies.
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Invasion of tumor cells requires migration through the dense extracellular
matrix of tissues which provides both the substrates for cell membrane attachments to
generate traction, as well as a barrier towards the advancing cell body. Proteolytic
remodeling of the ECM is considered to be critical for the invasion of tumor cells
through the three dimensional matrix (Wolf and Friedl 2005; Zaman et al. 2006).
Many studies have reported upregulated expression of matrix degrading proteases
such as MMP, urokinase-type plasminogen activator (uPA) and cathepsins in gliomas
and have correlated the activity of these enzymes with increased invasion of glioma
cells (Nakada et al. 2007; Rao 2003). On the other hand, studies have also reported
that matrix degradation is not an absolute requirement for tumor cell invasion and
tumor cells demonstrate switching from proteolytic to non-proteolytic mode of
invasion when treated with pharmacological inhibitors of MMP, uPA and cathepsins
(Friedl and Wolf 2003; Wolf et al. 2003). Moreover that, the clinical trials of MMP
and serine protease inhibitors have presented ineffective outcomes, showing
significant progression despite inhibitor treatment (Friedl and Wolf 2003).
The protease-independent migration requires membrane flexibility, shape
change and ability to squeeze through narrow matrix regions. Importantly, the
proteolysis independent migration of tumor cells was shown to be mediated primarily
by cortical actin cytoskeleton composed of orthogonal networks of actin. This
observation gains further support from a study that suggests that lamellar actin
networks provide stability to the membrane and control the productive migration of
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the cell (Ponti et al. 2004). Hence, proper regulation of the orthogonal networks of
actin filaments is essential for the membrane flexibility and shape deformability of
cells during invasion. Since, filamin cross-links actin filaments into orthogonal
networks, we became interested in determining the role of filamin in glioblastoma cell
invasion.

Filamin expression is restrictive to glioblastoma cell invasion

The data presented in chapter 3 demonstrated that filamin expression is
inhibitory to the invasion of glioblastoma cells when the knockdown of filamin
resulted in ~3-fold increase in the invasiveness of cells through 2 mg/ml Matrigel. The
increase in the invasion of knockdown cells over control cells showed a direct
relationship with the density of the ECM. This could be explained by the loss-ofability of control cells to traverse through the gradually narrowing pores of
extracellular matrix with increasing concentration of Matrigel. We asked; if filamin
restricts migration through dense ECM, then how do glioblastoma cells invade in the
human brain?
Careful examination of filamin breakdown products in the cell extracts of
control and calpain 2 knockdown glioblastoma cells identified a novel band running at
~30 kDa. Further, western blotting with the anti-filamin antibody indicated this
fragment originated from the amino terminal end of filamin by calpain 2-mediated
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proteolysis. Since the size of the fragment is close to that of the actin binding domain
of filamin, cleavage at this site was anticipated to have a regulatory effect on the
function of filamin. This got us interested in determining the regulation of proteolysis
in the cell.

PI3 kinase regulates filamin cleavage by calpain 2

Calpain 2 proteolysis of purified filamin protein in the presence and absence of
PtdIns (3,4,5)-P3 showed that binding of PtdIns (3,4,5)-P3 to filamin induces
proteolysis by calpain 2 at the amino-terminal end producing a stable breakdown
product of ~250 kDa with intact C-terminal residues. The sensitive site of cleavage on
the full length protein was determined by subjecting the fragment to N-terminal
sequencing and was mapped to be between residues Lys268 and Lue269 which lies in
the linker region between the actin binding domain and the rod-domain 1. Together,
the results show that PtdIns (3,4,5)-P3 binding to filamin induces cleavage by calpain 2
which removes the actin binding domain and abolishes the actin binding ability of
filamin. PtdIns (3,4,5)-P3 mediated regulation of filamin proteolysis in human
glioblastoma cells was tested by subjecting glioblastoma cells to PI3 kinase inhibitors
and calcium ionophore was used to stimulate calcium-activated proteolysis.
Comparing the lysates from glioblastoma cells treated with or without PI3 kinase
inhibitors revealed that inhibition of PI3 kinase resulted in decreased cleavage of
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filamin under basal condition as well as when stimulated with calcium ionophore. In
the absence of PI3 kinase inhibitors, stimulation with the ionophore increased filamin
breakdown products suggesting this to be calcium activated cleavage which indicates
to calpain 2. These results show that PI3 kinase activity is required for the calpain 2
induced proteolysis of filamin in glioblastoma cells.
Finally, the results from chapter 2 showed that calpain 2 is required for the
invasion of glioblastoma cells. Results presented in chapter 3 indicate that calpain 2
cleaves filamin which is regulated by the PtdIns (3,4,5)-P3 binding. Revising the facts
from chapter 1, glioblastoma cells demonstrates a net enhanced PI3 kinase activity
which is attributed to the increased activation of EGFR and PI3 kinase and deletion of
the antagonist PTEN gene. Therefore, the cell membrane of glioblastoma cells
contains a constitutively increased level of PtdIns (3,4,5)-P3. Further, a migrating cell
has been shown to demonstrate a net increase in the PtdIns (3,4,5)-P3 concentration at
the leading edge making it available for interacting with cytoskeletal proteins such as
filamin.
I propose, at the conclusion of my thesis, that PtdIns (3,4,5)-P3 binding
increases filamin proteolysis by calpain 2, which results in the reorganization and
turnover of the actin networks at the leading edge making cells more flexible and
allowing deformation of cell shape which leads to the increased invasion of
glioblastoma cells through the pores of ECM.
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Future Studies

The insights presented in this dissertation about the potential regulators of the
glioblastoma invasion can be further built upon to precisely determine the underlying
mechanisms which can be aimed for targeted therapy.

How does calpain 2 regulate tumor cell migration along blood vessels?

Although the literature had evidence for the glioblastoma cell spreading along
the vascular tracts in the brain, the factors regulating this pattern was not known. We
discovered that calpain 2 is required for glioblastoma cell dispersal in the brain and
tumor cells migrate primarily along the surface of blood vessels. However, it is not
clear if calpain 2 is essential for the association of tumor cells with the blood vessels
which requires further investigations. Our lab reported a decrease in the MMP2 levels
from calpain 2 knockdown cells in vitro (Jang et al. 2010), which provides the ground
to determine if it is the MMP2-mediated ECM digestion that prevents invasion of
glioblastoma cells in vivo. The experimental approach could use MMP inhibitors to
monitor the effect of inhibiting pericellular proteolytic digestion on the association of
tumor cells along the vascular surfaces. Tg(fli1:egfp). It would also be important to
know if calpain 2 controls expression of the MMP 2 gene or activation of MMP in
glioblastoma cells to design further strategies for inhibiting tumor cell invasion.
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Another important area of investigation is the proteolysis of e-cadherin in
regulation of tumor call invasion. The cadherin family of transmembrane protein
mediates the cell-cell adhesions and has been shown to be a substrate of calpain.
Inability of calpain 2 knockdown cells to invade could arise due to the increased
intercellular adhesion and need verification. Yet another area of investigation would
be to determine the calpain 2 regulation of VEGF in glioblastoma cells. Importantly,
though, our results showed that blood vessel surfaces was chosen as the primary route
of dispersal, further studies are needed to verify if calpain 2 controls cell migration
along the axonal wall of neurons as well.

Does calpain 2 regulate PI3kinase/Akt pathway?

The current focus of our lab is in the regulation of Akt by calpain 2 in
glioblastoma cells. As discussed in chapter 1, PI3 kinase activation is a frequent event
in glioblastoma tumors and is a significant target in focus. Downstream of activation,
PI3 kinase leads to the activation of Akt (protein kinase B) through phosphorylation.
Akt has been found to be activated in invasive glioblastoma cells and its activation is
controlled by the PHLPP phosphatase in vivo (Molina et al. 2010). Determination of
the calpain 2 regulation of Akt pathway either by direct proteolysis of Akt or
indirectly through phosphatases would have high impact in terms of advancing our
understanding of glioblastoma invasion.
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We presented that filamin proteolysis by calpain 2 is regulated by the binding
of PtdIns (3,4,5)-P3 to filamin and proposed this to be a mechanism for the turnover of
actin networks at the leading edge. Mutant filamin proteins resistant to proteolysis by
calpain 2 and filamin unable to bind PtdIns (3,4,5)-P3 have potential to identify the
cross-talk between calcium signaling through calpain activation and PI3 kinase
induced filamin proteolysis. Live cell imaging and FRAP could be used on cells
expressing wild type and calpain 2 resistant filamin to understand the calpain 2
regulation of lamellipodial flexibility and the turnover actin networks.

Is calpain 2 required for the invasion of all types of gliomas?

All the data presented in this dissertation comes from experiments performed
on U87MG glioblastoma cells. Hence, further studies using different glioblastoma cell
lines would be essential to establish that results presented in this report are not cell
type specific.

137

Bibliography
Adamson C, Kanu OO, Mehta AI, Di C, Lin N, Mattox AK, Bigner DD. 2009.
Glioblastoma multiforme: a review of where we have been and where we are
going. Expert Opin Investig Drugs 18(8):1061-83.
Aki T, Yoshida K, Fujimiya T. 2002. Phosphoinositide 3-kinase accelerates calpaindependent proteolysis of fodrin during hypoxic cell death. J Biochem (Tokyo)
132(6):921-6.
Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002. Molecular biology
of the cell. Garland Science (4th ed), New York.
Allen NJ, Barres BA. 2009. Neuroscience: Glia - more than just brain glue. Nature
457(7230):675-7.
Arthur JS, Elce JS, Hegadorn C, Williams K, Greer PA. 2000. Disruption of the
murine calpain small subunit gene, Capn4: calpain is essential for embryonic
development but not for cell growth and division. Mol Cell Biol 20(12):447481.
Ayscough KR. 1998. In vivo functions of actin-binding proteins. Curr Opin Cell Biol
10(1):102-11.
Azam M, Andrabi SS, Sahr KE, Kamath L, Kuliopulos A, Chishti AH. 2001.
Disruption of the mouse mu-calpain gene reveals an essential role in platelet
function. Mol Cell Biol 21(6):2213-20.
Baldassarre M, Razinia Z, Burande CF, Lamsoul I, Lutz PG, Calderwood DA. 2009.
Filamins regulate cell spreading and initiation of cell migration. PLoS One
4(11):e7830.
Barres BA. 2008. The mystery and magic of glia: a perspective on their roles in health
and disease. Neuron 60(3):430-40.
Barry CP, Xie J, Lemmon V, Young A. 1993. Molecular Characterization of a
Multipromoter Gene Encoding a Chicken Filamin Protein. The Journal of
Biological Chemistry 268 (34)(December 5):25577-25586.
Bayascas JR, Alessi DR. 2005. Regulation of Akt/PKB Ser473 phosphorylation. Mol
Cell 18(2):143-5.
Beckerle MC, Burridge K, DeMartino GN, Croall DE. 1987. Colocalization of
calcium-dependent protease II and one of its substrates at sites of cell adhesion.
Cell 51(4):569-77.
Beckman M. 2007. Zebrafish take the stage in cancer research. J Natl Cancer Inst
99(7):500-1.
Bellail AC, Hunter SB, Brat DJ, Tan C, Van Meir EG. 2004. Microregional
extracellular matrix heterogeneity in brain modulates glioma cell invasion. Int
J Biochem Cell Biol 36(6):1046-69.

138

Bernstein JJ, Woodard CA. 1995. Glioblastoma cells do not intravasate into blood
vessels. Neurosurgery 36(1):124-32; discussion 132.
Bignami A, Hosley M, Dahl D. 1993. Hyaluronic acid and hyaluronic acid-binding
proteins in brain extracellular matrix. Anat Embryol (Berl) 188(5):419-33.
Brotschi EA, Hartwig JH, Stossel TP. 1978. The gelation of actin by actin-binding
protein. J Biol Chem 253(24):8988-93.
Calderwood DA, Huttenlocher A, Kiosses WB, Rose DM, Woodside DG, Schwartz
MA, Ginsberg MH. 2001. Increased filamin binding to beta-integrin
cytoplasmic domains inhibits cell migration. Nat Cell Biol 3(12):1060-8.
Carragher NO, Frame MC. 2002. Calpain: a role in cell transformation and migration.
Int J Biochem Cell Biol 34(12):1539-43.
CBTRUS. 2005. Statistical report: Primary brain tumors in the United States, 19982002. Published by the Central Brain Tumor Registry of the United States.
CBTRUS. 2008. Statistical report: Primary brain tumors in the united states (20002004). Central Brain Tumor Registry of the United States.
Chen M, Stracher A. 1989. In situ phosphorylation of platelet actin-binding protein by
cAMP-dependent protein kinase stabilizes it against proteolysis by calpain. J
Biol Chem 264(24):14282-9.
Choi DW. 1988. Glutamate neurotoxicity and diseases of the nervous system. Neuron
1(8):623-34.
Corgan AM, Singleton C, Santoso CB, Greenwood JA. 2004. Phosphoinositides
differentially regulate alpha-actinin flexibility and function. Biochem J 378(Pt
3):1067-72.
Cortesio CL, Chan KT, Perrin BJ, Burton NO, Zhang S, Zhang ZY, Huttenlocher A.
2008. Calpain 2 and PTP1B function in a novel pathway with Src to regulate
invadopodia dynamics and breast cancer cell invasion. J Cell Biol 180(5):95771.
Cox D, Condeelis J, Wessels D, Soll D, Kern H, Knecht DA. 1992. Targeted
disruption of the ABP-120 gene leads to cells with altered motility. J Cell Biol
116(4):943-55.
Croall DE, Ersfeld K. 2007. The calpains: modular designs and functional diversity.
Genome Biol 8(6):218.
Cunningham CC, Gorlin JB, Kwiatkowski DJ, Hartwig JH, Janmey PA, Byers HR,
Stossel TP. 1992. Actin-binding protein requirement for cortical stability and
efficient locomotion. Science 255(5042):325-7.
Davies PJ, Wallach D, Willingham MC, Pastan I, Yamaguchi M, Robson RM. 1978.
Filamin-actin interaction. Dissociation of binding from gelation by Ca2+activated proteolysis. J Biol Chem 253(11):4036-42.
Detrich HW, 3rd, Westerfield M, Zon LI. 1999. Overview of the Zebrafish system.
Methods Cell Biol 59:3-10.

139

Dourdin N, Bhatt AK, Dutt P, Greer PA, Arthur JS, Elce JS, Huttenlocher A. 2001.
Reduced cell migration and disruption of the actin cytoskeleton in calpaindeficient embryonic fibroblasts. J Biol Chem 276(51):48382-8.
Drappatz J, Norden AD, Wen PY. 2009. Therapeutic strategies for inhibiting invasion
in glioblastoma. Expert Rev Neurother 9(4):519-34.
Ekstrand AJ, Sugawa N, James CD, Collins VP. 1992. Amplified and rearranged
epidermal growth factor receptor genes in human glioblastomas reveal
deletions of sequences encoding portions of the N- and/or C-terminal tails.
Proc Natl Acad Sci U S A 89(10):4309-13.
Farin A, Suzuki SO, Weiker M, Goldman JE, Bruce JN, Canoll P. 2006. Transplanted
glioma cells migrate and proliferate on host brain vasculature: a dynamic
analysis. Glia 53(8):799-808.
Feitsma H, Cuppen E. 2008. Zebrafish as a cancer model. Mol Cancer Res 6(5):68594.
Feramisco JR, Burridge K. 1980. A rapid purification of alpha-actinin, filamin, and a
130,000-dalton protein from smooth muscle. J Biol Chem 255(3):1194-9.
Fink JM, Dobyns WB, Guerrini R, Hirsch BA. 1997. Identification of a duplication of
Xq28 associated with bilateral periventricular nodular heterotopia. Am J Hum
Genet 61(2):379-87.
Fischer I, Gagner JP, Law M, Newcomb EW, Zagzag D. 2005. Angiogenesis in
gliomas: biology and molecular pathophysiology. Brain Pathol 15(4):297-310.
Flanagan LA, Chou J, Falet H, Neujahr R, Hartwig JH, Stossel TP. 2001. Filamin A,
the Arp2/3 complex, and the morphology and function of cortical actin
filaments in human melanoma cells. J Cell Biol 155(4):511-7.
Fox JE, Goll DE, Reynolds CC, Phillips DR. 1985. Identification of two proteins
(actin-binding protein and P235) that are hydrolyzed by endogenous Ca2+dependent protease during platelet aggregation. J Biol Chem 260(2):1060-6.
Fox JW, Lamperti ED, Eksioglu YZ, Hong SE, Feng Y, Graham DA, Scheffer IE,
Dobyns WB, Hirsch BA, Radtke RA and others. 1998. Mutations in filamin 1
prevent migration of cerebral cortical neurons in human periventricular
heterotopia. Neuron 21(6):1315-25.
Fraley TS, Pereira CB, Tran TC, Singleton C, Greenwood JA. 2005. Phosphoinositide
binding regulates alpha-actinin dynamics: mechanism for modulating
cytoskeletal remodeling. J Biol Chem 280(15):15479-82.
Fraley TS, Tran TC, Corgan AM, Nash CA, Hao J, Critchley DR, Greenwood JA.
2003. Phosphoinositide Binding Inhibits {alpha}-Actinin Bundling Activity. J
Biol Chem 278(26):24039-24045.
Franco S, Perrin B, Huttenlocher A. 2004. Isoform specific function of calpain 2 in
regulating membrane protrusion. Exp Cell Res 299(1):179-87.
Franco SJ, Huttenlocher A. 2005. Regulating cell migration: calpains make the cut. J
Cell Sci 118(Pt 17):3829-38.

140

Friedl P, Wolf K. 2003. Tumour-cell invasion and migration: diversity and escape
mechanisms. Nat Rev Cancer 3(5):362-74.
Fujisawa H, Reis RM, Nakamura M, Colella S, Yonekawa Y, Kleihues P, Ohgaki H.
2000. Loss of heterozygosity on chromosome 10 is more extensive in primary
(de novo) than in secondary glioblastomas. Lab Invest 80(1):65-72.
Full SJ, Deinzer ML, Ho PS, Greenwood JA. 2007. Phosphoinositide binding
regulates alpha-actinin CH2 domain structure: analysis by hydrogen/deuterium
exchange mass spectrometry. Protein Sci 16(12):2597-604.
Furuhashi K, Inagaki M, Hatano S, Fukami K, Takenawa T. 1992a. Inositol
phospholipid-induced suppression of F-actin-gelating activity of smooth
muscle filamin. Biochem Biophys Res Commun 184(3):1261-5.
Furuhashi K, Inagaki M, Hatano S, Fukami K, Takenawa T. 1992b. Inositol
phospholipid-induced suppression of F-actin-gelating activity of smooth
muscle filamin. Biochem Biophys Res Commun 184(3):1261-5.
Furukawa K, Kumon Y, Harada H, Kohno S, Nagato S, Teraoka M, Fujiwara S,
Nakagawa K, Hamada K, Ohnishi T. 2006. PTEN gene transfer suppresses the
invasive potential of human malignant gliomas by regulating cell invasionrelated molecules. Int J Oncol 29(1):73-81.
Gagner JP, Law M, Fischer I, Newcomb EW, Zagzag D. 2005. Angiogenesis in
gliomas: imaging and experimental therapeutics. Brain Pathol 15(4):342-63.
Gahwiler BH, Capogna M, Debanne D, McKinney RA, Thompson SM. 1997.
Organotypic slice cultures: a technique has come of age. Trends Neurosci
20(10):471-7.
Giannone G, Ronde P, Gaire M, Haiech J, Takeda K. 2002. Calcium oscillations
trigger focal adhesion disassembly in human U87 astrocytoma cells. J Biol
Chem 277(29):26364-71.
Gladson CL. 1999. The extracellular matrix of gliomas: modulation of cell function. J
Neuropathol Exp Neurol 58(10):1029-40.
Gladson CL, Prayson RA, Liu WM. 2010. The pathobiology of glioma tumors. Annu
Rev Pathol 5:33-50.
Goll DE, Thompson VF, Li H, Wei W, Cong J. 2003. The calpain system. Physiol Rev
83(3):731-801.
Gorlin JB, Yamin R, Egan S, Stewart M, Stossel TP, Kwiatkowski DJ, Hartwig JH.
1990. Human endothelial actin-binding protein (ABP-280, nonmuscle filamin):
a molecular leaf spring. J Cell Biol 111(3):1089-105.
Grabher C, Look AT. 2006. Fishing for cancer models. Nat Biotechnol 24(1):45-6.
Granato M, Nusslein-Volhard C. 1996. Fishing for genes controlling development.
Curr Opin Genet Dev 6(4):461-8.
Guertin DA, Sabatini DM. 2007. Defining the role of mTOR in cancer. Cancer Cell
12(1):9-22.

141

Guillamo JS, Lisovoski F, Christov C, Le Guerinel C, Defer GL, Peschanski M,
Lefrancois T. 2001. Migration pathways of human glioblastoma cells
xenografted into the immunosuppressed rat brain. J Neurooncol 52(3):205-15.
Guroff G. 1964. A Neutral, Calcium-Activated Proteinase from the Soluble Fraction
of Rat Brain. J Biol Chem 239:149-55.
Haldi M, Ton C, Seng WL, McGrath P. 2006. Human melanoma cells transplanted
into zebrafish proliferate, migrate, produce melanin, form masses and stimulate
angiogenesis in zebrafish. Angiogenesis 9(3):139-51.
Hartwig JH, DeSisto M. 1991. The cytoskeleton of the resting human blood platelet:
structure of the membrane skeleton and its attachment to actin filaments. J Cell
Biol 112(3):407-25.
Hawkins PT, Anderson KE, Davidson K, Stephens LR. 2006. Signalling through Class
I PI3Ks in mammalian cells. Biochem Soc Trans 34(Pt 5):647-62.
Holash J, Maisonpierre PC, Compton D, Boland P, Alexander CR, Zagzag D,
Yancopoulos GD, Wiegand SJ. 1999. Vessel cooption, regression, and growth
in tumors mediated by angiopoietins and VEGF. Science 284(5422):1994-8.
Huttenlocher A, Palecek SP, Lu Q, Zhang W, Mellgren RL, Lauffenburger DA,
Ginsberg MH, Horwitz AF. 1997. Regulation of cell migration by the calciumdependent protease calpain. J Biol Chem 272(52):32719-22.
Ishiuchi S, Tsuzuki K, Yoshida Y, Yamada N, Hagimura N, Okado H, Miwa A,
Kurihara H, Nakazato Y, Tamura M and others. 2002. Blockage of Ca(2+)permeable AMPA receptors suppresses migration and induces apoptosis in
human glioblastoma cells. Nat Med 8(9):971-8.
Isogai S, Horiguchi M, Weinstein BM. 2001. The vascular anatomy of the developing
zebrafish: an atlas of embryonic and early larval development. Dev Biol
230(2):278-301.
Jang HS, Lal S, Greenwood JA. 2010. Calpain 2 is required for glioblastoma cell
invasion: regulation of matrix metalloproteinase 2. Neurochem Res
35(11):1796-804.
Kanu OO, Hughes B, Di C, Lin N, Fu J, Bigner DD, Yan H, Adamson C. 2009a.
Glioblastoma Multiforme Oncogenomics and Signaling Pathways. Clin Med
Oncol 3:39-52.
Kanu OO, Mehta A, Di C, Lin N, Bortoff K, Bigner DD, Yan H, Adamson DC.
2009b. Glioblastoma multiforme: a review of therapeutic targets. Expert Opin
Ther Targets 13(6):701-18.
Kari G, Rodeck U, Dicker AP. 2007. Zebrafish: an emerging model system for human
disease and drug discovery. Clin Pharmacol Ther 82(1):70-80.
Kent ML, Spitsbergen JM, Matthews JM, Fournie JW, Westerfield M. 2002. Diseases
of zebrafish in research facilities. Zebrafish International Resource Center.

142

Kiema T, Lad Y, Jiang P, Oxley CL, Baldassarre M, Wegener KL, Campbell ID,
Ylanne J, Calderwood DA. 2006. The molecular basis of filamin binding to
integrins and competition with talin. Mol Cell 21(3):337-47.
Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 1995. Stages of
embryonic development of the zebrafish. Dev Dyn 203(3):253-310.
Klatzo I. 1952. A study of glioblastoma multiforme by the Golgi method. Am J Pathol
28(3):357-67.
Kleihues P, Sobin LH. 2000. World Health Organization classification of tumors.
Cancer 88(12):2887.
Kleihues P, Soylemezoglu F, Schauble B, Scheithauer BW, Burger PC. 1995.
Histopathology, classification, and grading of gliomas. Glia 15(3):211-21.
Kleinman HK, Martin GR. 2005. Matrigel: basement membrane matrix with
biological activity. Semin Cancer Biol 15(5):378-86.
Koul D, Parthasarathy R, Shen R, Davies MA, Jasser SA, Chintala SK, Rao JS, Sun
Y, Benvenisite EN, Liu TJ and others. 2001. Suppression of matrix
metalloproteinase-2 gene expression and invasion in human glioma cells by
MMAC/PTEN. Oncogene 20(46):6669-78.
Kubiatowski T, Jang T, Lachyankar MB, Salmonsen R, Nabi RR, Quesenberry PJ,
Litofsky NS, Ross AH, Recht LD. 2001. Association of increased
phosphatidylinositol 3-kinase signaling with increased invasiveness and
gelatinase activity in malignant gliomas. J Neurosurg 95(3):480-8.
Lakshmikuttyamma A, Selvakumar P, Kanthan R, Kanthan SC, Sharma RK. 2004.
Overexpression of m-calpain in human colorectal adenocarcinomas. Cancer
Epidemiol Biomarkers Prev 13(10):1604-9.
Lam SH, Wu YL, Vega VB, Miller LD, Spitsbergen J, Tong Y, Zhan H, Govindarajan
KR, Lee S, Mathavan S and others. 2006. Conservation of gene expression
signatures between zebrafish and human liver tumors and tumor progression.
Nat Biotechnol 24(1):73-5.
Lamszus K, Kunkel P, Westphal M. 2003. Invasion as limitation to anti-angiogenic
glioma therapy. Acta Neurochir Suppl 88:169-77.
Langheinrich U. 2003. Zebrafish: a new model on the pharmaceutical catwalk.
Bioessays 25(9):904-12.
Lauffenburger DA, Horwitz AF. 1996. Cell migration: a physically integrated
molecular process. Cell 84(3):359-69.
Lee JC, Vivanco I, Beroukhim R, Huang JH, Feng WL, DeBiasi RM, Yoshimoto K,
King JC, Nghiemphu P, Yuza Y and others. 2006. Epidermal growth factor
receptor activation in glioblastoma through novel missense mutations in the
extracellular domain. PLoS Med 3(12):e485.
Lee LM, Seftor EA, Bonde G, Cornell RA, Hendrix MJ. 2005. The fate of human
malignant melanoma cells transplanted into zebrafish embryos: assessment of

143

migration and cell division in the absence of tumor formation. Dev Dyn
233(4):1560-70.
Li C, Xin W, Sy MS. 2010. Binding of pro-prion to filamin A: by design or an
unfortunate blunder. Oncogene 29(39):5329-45.
Li DM, Sun H. 1998. PTEN/MMAC1/TEP1 suppresses the tumorigenicity and
induces G1 cell cycle arrest in human glioblastoma cells. Proc Natl Acad Sci U
S A 95(26):15406-11.
Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, Puc J, Miliaresis C, Rodgers
L, McCombie R and others. 1997. PTEN, a putative protein tyrosine
phosphatase gene mutated in human brain, breast, and prostate cancer. Science
275(5308):1943-7.
Lieschke GJ, Currie PD. 2007. Animal models of human disease: zebrafish swim into
view. Nat Rev Genet 8(5):353-67.
Lim DA, Cha S, Mayo MC, Chen MH, Keles E, VandenBerg S, Berger MS. 2007.
Relationship of glioblastoma multiforme to neural stem cell regions predicts
invasive and multifocal tumor phenotype. Neuro Oncol 9(4):424-9.
Louis DN. 2006. Molecular pathology of malignant gliomas. Annu Rev Pathol 1:97117.
Lyons SA, Chung WJ, Weaver AK, Ogunrinu T, Sontheimer H. 2007. Autocrine
glutamate signaling promotes glioma cell invasion. Cancer Res 67(19):946371.
Maghazachi AA. 2000. Intracellular signaling events at the leading edge of migrating
cells. Int J Biochem Cell Biol 32(9):931-43.
Mammoto A, Huang S, Ingber DE. 2007. Filamin links cell shape and cytoskeletal
structure to Rho regulation by controlling accumulation of p190RhoGAP in
lipid rafts. J Cell Sci 120(Pt 3):456-67.
Mamoune A, Luo JH, Lauffenburger DA, Wells A. 2003. Calpain-2 as a target for
limiting prostate cancer invasion. Cancer Res 63(15):4632-40.
Manning TJ, Jr., Parker JC, Sontheimer H. 2000. Role of lysophosphatidic acid and
rho in glioma cell motility. Cell Motil Cytoskeleton 45(3):185-99.
Matthews JL. 2004. Common diseases of laboratory zebrafish. Methods Cell Biol
77:617-43.
Molina JR, Hayashi Y, Stephens C, Georgescu MM. 2010. Invasive glioblastoma cells
acquire stemness and increased Akt activation. Neoplasia 12(6):453-63.
Mure H, Matsuzaki K, Kitazato KT, Mizobuchi Y, Kuwayama K, Kageji T, Nagahiro
S. 2010. Akt2 and Akt3 play a pivotal role in malignant gliomas. Neuro Oncol
12(3):221-32.
Nagano T, Yoneda T, Hatanaka Y, Kubota C, Murakami F, Sato M. 2002. Filamin Ainteracting protein (FILIP) regulates cortical cell migration out of the
ventricular zone. Nat Cell Biol 4(7):495-501.

144

Nakada M, Nakada S, Demuth T, Tran NL, Hoelzinger DB, Berens ME. 2007.
Molecular targets of glioma invasion. Cell Mol Life Sci 64(4):458-78.
Nakada M, Okada Y, Yamashita J. 2003. The role of matrix metalloproteinases in
glioma invasion. Front Biosci 8:e261-9.
Nakamura F, Osborn TM, Hartemink CA, Hartwig JH, Stossel TP. 2007. Structural
basis of filamin A functions. J Cell Biol 179(5):1011-25.
Niggli V. 2005. Regulation of protein activities by phosphoinositide phosphates. Annu
Rev Cell Dev Biol 21:57-79.
Ohashi K, Oshima K, Tachikawa M, Morikawa N, Hashimoto Y, Ito M, Mori H,
Kuribayashi T, Terasaki AG. 2005. Chicken gizzard filamin, retina filamin and
cgABP260 are respectively, smooth muscle-, non-muscle- and pan-muscletype isoforms: distribution and localization in muscles. Cell Motil
Cytoskeleton 61(4):214-25.
Ohgaki H, Dessen P, Jourde B, Horstmann S, Nishikawa T, Di Patre PL, Burkhard C,
Schuler D, Probst-Hensch NM, Maiorka PC and others. 2004. Genetic
pathways to glioblastoma: a population-based study. Cancer Res 64(19):68929.
Palecek SP, Huttenlocher A, Horwitz AF, Lauffenburger DA. 1998. Physical and
biochemical regulation of integrin release during rear detachment of migrating
cells. J Cell Sci 111(Pt 7):929-40.
Pollard TD, Borisy GG. 2003. Cellular motility driven by assembly and disassembly
of actin filaments. Cell 112(4):453-65.
Ponte E, Rivero F, Fechheimer M, Noegel A, Bozzaro S. 2000. Severe developmental
defects in Dictyostelium null mutants for actin-binding proteins. Mech Dev
91(1-2):153-61.
Ponti A, Machacek M, Gupton SL, Waterman-Storer CM, Danuser G. 2004. Two
distinct actin networks drive the protrusion of migrating cells. Science
305(5691):1782-6.
Popowicz GM, Schleicher M, Noegel AA, Holak TA. 2006. Filamins: promiscuous
organizers of the cytoskeleton. Trends Biochem Sci 31(7):411-9.
Rao JS. 2003. Molecular mechanisms of glioma invasiveness: the role of proteases.
Nat Rev Cancer 3(7):489-501.
Rao RD, Uhm JH, Krishnan S, James CD. 2003. Genetic and signaling pathway
alterations in glioblastoma: relevance to novel targeted therapies. Front Biosci
8:e270-80.
Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, Yan H, Gazdar A,
Powell SM, Riggins GJ and others. 2004. High frequency of mutations of the
PIK3CA gene in human cancers. Science 304(5670):554.
Scherer HD. 1940. Cerebral astrocytomas and their derivatives. American Journal of
Cancer 1:159-198.

145

Schiffer D, Annovazzi L, Caldera V, Mellai M. 2010. On the origin and growth of
gliomas. Anticancer Res 30(6):1977-98.
Shiba E, Kambayashi JI, Sakon M, Kawasaki T, Kobayashi T, Koyama H, Yayoi E,
Takatsuka Y, Takai SI. 1996. Ca&sup2+;-Dependent Neutral Protease
(Calpain) Activity in Breast Cancer Tissue and Estrogen Receptor Status.
Breast Cancer 3(1):13-17.
Skwarek LC, Boulianne GL. 2009. Great expectations for PIP: phosphoinositides as
regulators of signaling during development and disease. Dev Cell 16(1):12-20.
Soni D, King JA, Kaye AH, Hovens CM. 2005. Genetics of glioblastoma multiforme:
mitogenic signaling and cell cycle pathways converge. J Clin Neurosci
12(1):1-5.
Sontheimer H. 2008. A role for glutamate in growth and invasion of primary brain
tumors. J Neurochem 105(2):287-95.
Spence R, Gerlach G, Lawrence C, Smith C. 2008. The behaviour and ecology of the
zebrafish, Danio rerio. Biol Rev Camb Philos Soc 83(1):13-34.
Sprague CR, Fraley TS, Jang HS, Lal S, Greenwood JA. 2008. Phosphoinositide
binding to the substrate regulates susceptibility to proteolysis by calpain. J Biol
Chem.
Stoletov K, Montel V, Lester RD, Gonias SL, Klemke R. 2007. High-resolution
imaging of the dynamic tumor cell vascular interface in transparent zebrafish.
Proc Natl Acad Sci U S A 104(44):17406-11.
Storer AC, Menard R. 1994. Catalytic mechanism in papain family of cysteine
peptidases. Methods Enzymol 244:486-500.
Stossel TP, Condeelis J, Cooley L, Hartwig JH, Noegel A, Schleicher M, Shapiro SS.
2001. FILAMINS AS INTEGRATORS OF CELL MECHANICS AND
SIGNALLING. NATURE REVIEWS 2:138-145.
Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, Belanger
K, Brandes AA, Marosi C, Bogdahn U and others. 2005. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med
352(10):987-96.
Su Y, Cui Z, Li Z, Block ER. 2006. Calpain-2 regulation of VEGF-mediated
angiogenesis. FASEB J 20(9):1443-51.
Sugawa N, Ekstrand AJ, James CD, Collins VP. 1990. Identical splicing of aberrant
epidermal growth factor receptor transcripts from amplified rearranged genes
in human glioblastomas. Proc Natl Acad Sci U S A 87(21):8602-6.
Suzuki Y, Shirai K, Oka K, Mobaraki A, Yoshida Y, Noda SE, Okamoto M, Itoh J,
Itoh H, Ishiuchi S and others. 2010. Higher pAkt expression predicts a
significant worse prognosis in glioblastomas. J Radiat Res (Tokyo) 51(3):3438.
Taylor AM, Zon LI. 2009. Zebrafish tumor assays: the state of transplantation.
Zebrafish 6(4):339-46.

146

Thorne RG, Nicholson C. 2006. In vivo diffusion analysis with quantum dots and
dextrans predicts the width of brain extracellular space. Proc Natl Acad Sci U
S A 103(14):5567-72.
Towbin H, Staehelin T, Gordon J. 1979. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications.
Proc Natl Acad Sci U S A 76(9):4350-4.
Tropepe V, Sive HL. 2003. Can zebrafish be used as a model to study the
neurodevelopmental causes of autism? Genes Brain Behav 2(5):268-81.
Tseng Y, An KM, Esue O, Wirtz D. 2004. The bimodal role of filamin in controlling
the architecture and mechanics of F-actin networks. J Biol Chem 279(3):181926.
Ullian EM, Sapperstein SK, Christopherson KS, Barres BA. 2001. Control of synapse
number by glia. Science 291(5504):657-61.
Ulrich TA, de Juan Pardo EM, Kumar S. 2009. The mechanical rigidity of the
extracellular matrix regulates the structure, motility, and proliferation of
glioma cells. Cancer Res 69(10):4167-74.
Vajkoczy P, Farhadi M, Gaumann A, Heidenreich R, Erber R, Wunder A, Tonn JC,
Menger MD, Breier G. 2002. Microtumor growth initiates angiogenic
sprouting with simultaneous expression of VEGF, VEGF receptor-2, and
angiopoietin-2. J Clin Invest 109(6):777-85.
Valster A, Tran NL, Nakada M, Berens ME, Chan AY, Symons M. 2005. Cell
migration and invasion assays. Methods 37(2):208-15.
van der Flier A, Sonnenberg A. 2001. Structural and functional aspects of filamins.
Biochim Biophys Acta 1538(2-3):99-117.
Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY, Olson JJ. 2010.
Exciting new advances in neuro-oncology: the avenue to a cure for malignant
glioma. CA Cancer J Clin 60(3):166-93.
Varambally S, Yu J, Laxman B, Rhodes DR, Mehra R, Tomlins SA, Shah RB,
Chandran U, Monzon FA, Becich MJ and others. 2005. Integrative genomic
and proteomic analysis of prostate cancer reveals signatures of metastatic
progression. Cancer Cell 8(5):393-406.
Vicente-Manzanares M, Webb DJ, Horwitz AR. 2005. Cell migration at a glance. J
Cell Sci 118(Pt 21):4917-9.
Wang SI, Puc J, Li J, Bruce JN, Cairns P, Sidransky D, Parsons R. 1997. Somatic
mutations of PTEN in glioblastoma multiforme. Cancer Res 57(19):4183-6.
Wang Y, Kreisberg JI, Bedolla RG, Mikhailova M, White RWd, Ghosh PM. 2007. A
90 kDa fragment of filamin A promotes Casodex-induced growth inhibition in
Casodex-resistant androgen receptor positive C4-2 prostate
cancer cells. Oncogene 26:6061–6070.
Wolf K, Friedl P. 2005. Functional imaging of pericellular proteolysis in cancer cell
invasion. Biochimie 87(3-4):315-20.

147

Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH, Deryugina EI, Strongin AY,
Brocker EB, Friedl P. 2003. Compensation mechanism in tumor cell
migration: mesenchymal-amoeboid transition after blocking of pericellular
proteolysis. J Cell Biol 160(2):267-77.
Wong AJ, Bigner SH, Bigner DD, Kinzler KW, Hamilton SR, Vogelstein B. 1987.
Increased expression of the epidermal growth factor receptor gene in malignant
gliomas is invariably associated with gene amplification. Proc Natl Acad Sci U
S A 84(19):6899-903.
Xu Y, Bismar TA, Su J, Xu B, Kristiansen G, Varga Z, Teng L, Ingber DE, Mammoto
A, Kumar R and others. 2010. Filamin A regulates focal adhesion disassembly
and suppresses breast cancer cell migration and invasion. J Exp Med
207(11):2421-37.
Ye ZC, Rothstein JD, Sontheimer H. 1999. Compromised glutamate transport in
human glioma cells: reduction-mislocalization of sodium-dependent glutamate
transporters and enhanced activity of cystine-glutamate exchange. J Neurosci
19(24):10767-77.
Ye ZC, Sontheimer H. 1999. Glioma cells release excitotoxic concentrations of
glutamate. Cancer Res 59(17):4383-91.
Yin HL, Janmey PA. 2003. Phosphoinositide regulation of the actin cytoskeleton.
Annu Rev Physiol 65:761-89.
Zaman MH, Trapani LM, Sieminski AL, Mackellar D, Gong H, Kamm RD, Wells A,
Lauffenburger DA, Matsudaira P. 2006. Migration of tumor cells in 3D
matrices is governed by matrix stiffness along with cell-matrix adhesion and
proteolysis. Proc Natl Acad Sci U S A 103(29):10889-94.
Zhou X, Boren J, Akyurek LM. 2007. Filamins in cardiovascular development. Trends
Cardiovasc Med 17(7):222-9.

