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ABSTRACT
CROSSREACTIVITY OF α9β1 INTEGRIN WITH p75NTR IN MODULATION OF
PRO-INVASIVE ACTIVITES OF GLIOMA CELLS
Erin Marion Walsh
Doctor of Philosophy
Temple University 2011
Doctoral Advisor Committee Chair: Dr. Joel Sheffield, Ph.D.

Gliomas are the most common and difficult to treat tumors of the central nervous
system. Current treatments often fail to slow progression of disease due to the high
invasive nature of glioma leading to a high percentage of recurrence. Our previous
studies have demonstrated that the levels of α9β1 integrin found on high grade glioma
were significantly increased in comparison to normal brain tissue where the levels were
negligible. We also found that interaction between α9β1 integrin and nerve growth factor
(NGF) plays a major role in progression of experimental tumor. Another receptor for
NGF the common neurotrophin receptor p75NTR is also overexpressed in high grade
glioma. p75NTR forms a high affinity complex with the specific NGF receptor, TrkA
leading to an increase in cell proliferation and survival. In the absence of an association,
p75NTR is involved in transferring pro-apoptotic signals through the JNK pathway. We
have found that the α9 integrin subunit of α9β1 forms a stable, cation independent
complex with p75NTR on the cell membrane of glioma both in vitro using glioma derived
immortalized cells lines and in vivo using glioma tissue. The co-expression of p75NTR
with α9β1 integrin led to optimization of integrin-dependent cellular activities such as
cell survival, proliferation, and migration. Co-expression of p75NTR was also required for
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implanted glioma cells to migrate in a glioma-like perivascular manner away from the
site of implantation as was seen in the in vivo quail chorioallantoic membrane assay.

iv

ACKNOWLEDGEMENTS

I would first like to thank my thesis advisor and mentor Dr. Cezary
Marcinkiewicz. He has always been very supportive and his motivation has pushed me to
become the best scientist I could. I also thank him for giving me the opportunity to be
involved in diverse projects allowing me to become a well-rounded researcher with
experience in many areas of research. He has given me numerous opportunities
throughout my graduate career to grow not only as a scientist, but a person.
I would also like to thank the members of my committee for their guidance and
help during my graduate career. Thank you Dr. Joel Sheffield for being my committee
chair and always being willing to help me take better images. Most importantly, thank
you for teaching me about phase rings. Dr. Amini, I would like to thank you for being
unfalteringly supportive of me throughout my career at Temple University and always
making time for me in your busy schedule. Your encouragement and ever-present smile
always brightened my day. I would also like to thank Dr. George Tusynski for allowing
us to share lab space as well as intellectual collaboration with you. We were sister labs in
every sense of the word and I thank you for all the help over the years. I would also like
to thank our collaborators for helping in their areas of expertise: Dr. Philip Lazarovici,
Dr. Luis Del Valle, and Dr. Michael Weaver.
I am so very grateful to Dr. Izabela Staniszewska and Dr. Meghan Brown.
Without your guidance and training I would not be the scientist I am today. From my first
experiments in the lab to watching you both succeed post-Temple has been an inspiration
to me and I can not thank you enough for the help you have given me. I would also like

v

to thank Ilhan Akan and Rick Wadsworth for all your technical help during my time at
Temple as well as helping to keep me sane.
I would also like to thank the faculty and staff of the Temple Biology Department
and fellow graduate students. We have created a very supportive community and I thank
you for all of the help over the years.
To my family, Maman and Richard Walsh, thank you for your never ending
support and love. Though you may not have understood the subject matter you were
always willing to listen and help in anyway that I needed. Your infallible love and
encouragement has allowed me to become the person I am. I am so grateful to you both
for everything you have given me and this thesis is dedicated to you. I would also like to
thank Thomas Walsh for watching over me.
Thank you also to my extended family for all the support they have given me.
Susan, Ben, and Benjamin Rounds, Jessica Thompson, Ruthie Rich, and Mara and Eli
Lee, your love and support over the years has given me such strength and confidence that
I can accomplish anything and I love you for it.
Lastly I would like to thank my boyfriend Nicholas Ventresca. You have
supported me in innumerous ways, and your love and encouragement has been invaluable
to both my career and my life. I can not put into words how crucial you were to the
completion of my graduate work, but hope you realize what your help has meant to me.
Thank you for all of the gifts you have brought to our life together and thank you for
being an amazing man, I love you.

vi

TABLE OF CONTENTS

PAGE
ABSTRACT……………………………………………………………………………iii
ACKNOWLEGMENTS……………………………………………………………......v
LIST OF FIGURES…………………………………………………………………….ix

CHAPTERS
1. INTRODUCTION…….……………………………………………………….…….1
Integrins ………………………………………………………………………..1
α9β1 integrin…………………………………………………………………...6
VLO5 as a specific inhibitor of α9β1 integrin………………………………....8
NGF and its Receptors………………………………………………………...11
TrkA…………………………………………………………………………...13
p75NTR………………………………………………………………………....14
p75NTR and TrkA as co-receptors for NGF……………………………………18
Glioma………………………………………………………………………....23
Thesis Overview……………………………………………………………….26
2. MATERIALS AND METHODS………………….……………………………......28
3. RESULTS...…………...…………………………………………………………….40
Identification of α9β1 integrin and p75 NTR on GBM cell lines……………….40
The α9 integrin subunit and p75 NTR form a stable, cation-independent
complex in vitro…………………………………………………………….….45

vii

The α9 integrin subunit/p75 NTR complex is present in clinical cases
of GBM tissue……………………………………………………………….….52
Presence of p75 NTR enhances activity of α9β1 integrin to bind its natural ligands
in adhesion assays……………………………………………………………....54
Presence of p75NTR increased protective effect of NGF on cell survival following
VLO5 treatment…………………………………………………………………56
Expression of p75 NTR increases the level of proliferation following
NGF treatment…………………………………………………………………..58
p75NTR expression increases α9β1 integrin dependent migration………………63
p75NTR expression increases spontaneous migration in vivo……………………68
4. DISCUSSION…………………………………………………………………..…....70
Future Studies………………………………………………………………...…77
REFERENCES CITED……….…………………………………………………………81

viii

LIST OF FIGURES

FIGURE NUMBER

PAGE

1.

Confirmations and individual components of an integrin dimmer………….4

2.

Amino acid composition of VLO5 disintegrin……………………………...10

3.

Ribbon diagrams of monomer and dimer NGF molecules………………….12

4.

Differential proposals of p75NTR and TrkA binding to NGF
individually and as one complex………………………….…………………21

5

Identification of the α9 integrin subunit and p75NTR on GBM cell lines……43

6

Detection of an interaction between the α9 integrin subunit and p75NTR in
isolations of α9β1 integrin purified on an immuno-affinity column………...46

7

Co-immunoprecipitation experiments of GBM cell lines
demonstrating an α9 integrin subunit/p75NTR complex………………...……50

8

Detection of the α9 integrin subunit/p75NTR complex in GBM tissue……... 53

9

Adhesion assays using GBM cell lines transfected with the α9 integrin
subunit to NGF and VCAM-1………………………………………………..55

10

Cell morphological study with NGF and VLO5 treatment…………………..57

11

p75 NTR expression increases NGF-induced proliferation
in GBM cell lines……………………………………………………………..61

12

Expression of p75NTR increases chemotactic transmigration
in response to NGF………………………………………………………......64

13

p75NTR expression increases the rate of wound healing in GBM cell lines......66

ix

14

Expression of p75NTR increases spontaneous migration of GBM cells
in an in vivo quail CAM assay………………………………………………..69

x

CHAPTER 1
INTRODUCTION

Integrins
Integrins were first purified in 1985 from whole cell lysates passed over an
affinity chromatography column [1, 2]. After studying the binding of cells to fibronectin
and other adhesive proteins, Pytela et al. characterized a short triamino acid sequence
responsible for the attachment of cells to their respective ligands: arginine-glycineaspartic acid (RGD). Using a synthetic peptide containing this sequence coupled to
Sepharose beads, they isolated individual molecules that were bound. The receptors
isolated from the column were originally refered to as fibronectin- and vitronectin
receptors due to their specific binding to these proteins, but the term integrin was later
coined in 1986 by Tamkun et al. because of the ‘integral’ role that they play in
transmembrane associations between the extracellular matrix (ECM) and the cytoskeleton
[3].
Integrins are heterodimeric membrane-anchored glycoproteins that are one of the
major receptors for components of the ECM and other adhesive molecules [4-6].
Integrins create a bridge between the ECM and the actin skeleton by recruiting proteins
such as talin, paxillin, α-actinin, tensin, and vinculin [7]. Integrins are obligate
heterodimers comprised of an alpha and a beta subunit. Currently there are 18 alpha and 8
beta subunits, which non-covalently bind together in a restricted manner to form at least
24 heterodimers.
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Integrins are found on virtually every mammalian cell and are one of the major
adhesion receptors organizing both cell-cell and cell-matrix adhesions[4, 6]. This
adhesion is necessary for the proper organization and maintenance of all human organs.
Their adherent properties also play a major role in cellular behavior. Pro-survival
activities like migration, spreading, and proliferation all require adhesion to the ECM,
whereas if adhesion is disrupted the cell will undergo a specific type of apoptosis called
anoikis [8]. In addition to organizing mechanical interactions between cells and the ECM,
they also act as cell signaling receptors[4].
Integrins are bidirectional signaling molecules. Ligand binding to integrins
activates signaling pathways leading to intracellular changes in an ‘outside-in’ manner
[9]. Although integrins lack any kinase activity they can affect downstream signaling
pathways by recruiting and activating kinases including focal adhesion kinases (FAKs)
and sarcoma (Src) family kinases [7]. They can also affect cellular activities by creating a
direct link from the ECM to the actin skeleton by recruiting cytoplasmic adaptor proteins
such as talin, paxillin, α-actinin, tensin, and vinculin. Integrins also work in an ‘insideout’ manner where intracellular changes can activate lateral mobility and clustering of
integrins within the membrane [10]. This clustering can affect the affinity and avidity of
integrins to their respective ligands [9, 11].
Each integrin subunit consists of a large extracellular domain, a single
hydrophobic transmembrane segment, and a small intracellular portion [9, 12-14] (Figure
1). The extracellular domain consists of a ligand-binding head domain standing on two
long legs and is approximately 80-150 kDa. The α integrin subunit is made up of a sevenbladed β-propeller domain that forms the head, a thigh domain, and calf-1 and calf-2
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domains. Some α subunits also contain an I domain insert which is homologous with a
domain found in a number of collagen binding proteins. The β integrin subunit has a
hybrid domain connected to a plexin/semaphoring/integrin (PSI) domain, four epidermal
growth factor (EGF) domains and β tail domain (βTD) near the membrane. The β subunit
contains 48-56 cysteine residues, usually clustered in four repeated motifs. Between the
extracellular matrix domains of the α and β subunits, a binding pocket is created forming
a “V” shaped structure. Binding of a ligand to this active site is dependent on the
presence of cations [15-17] Accordingly, there are three to four cation-binding sites
found on the extracellular region of the alpha subunit [18, 19]. The presence of Mg2+ and
Ca2+ within these sites increases ligand binding affinity and adhesiveness in almost all
integrins [20]. These cations are present in body fluids at a concentration of about 1mM.
On the β subunit there is a cation-binding site on the exposed face that coordinates all but
one of the free sites of the bound cation. This leaves a free coordination site open to
interaction with the integrin ligand through the ligand’s negatively charged residue. This
may explain the critical role of the negatively charged amino acid within the short peptide
sequence of the integrin required for ligand binding (ie the aspartic acid residue in the
RGD sequence).
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A

B

Figure 1. Confirmations and individual components of an integrin dimer. A.Schematic of
inactive “bent” confirmation of the integrin with significant interactions between the
extracellular and transmembrane domains. B. Schematic of active, “straight”
confirmation. The transmembrane sections separate leading to twisting of integrin, which
orients the active site to be located at the apex of the integrin. α subunit in green and β
subunit in purple. (According to Moser, Legate et al.2009)
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The structure of the transmembrane and cytoplasmic domains of integrins have
been harder to determine because of a lack of high-resolution images [12, 14]. Recently,
there has been advances pertaining to the structure of the transmembrane section using
αIIbβ3 integrin as a model. Within both subunits, the transmembrane section contains a
24-residue α helix followed by a backbone reversal which does not exhibit a helix tilt. A
similar structure has been confirmed in all 18 known α subunits.
The short cytoplasmic domains of each subunit are approximately 70 amino acid
residues long and are largely unstructured [14]. Each of the cytoplasmic domains
contains a highly conserved motif specific to the subunit; within the α subunit the motif
is GFFKR while within the β subunit there is a HDR(R/K)E motif. While research on the
cytoplasmic domains is thus far inconclusive, it appears that any interaction between the
two cytoplasmic chains must be weak and non-specific. While the cytoplasmic domains
are relatively small, they bind directly to cytoskeletal components forming the connection
between the extracellular and intracellular environments [18].
Integrins exist on the cell membrane in three different affinity states: low,
intermediate, and high [9, 14]. In the inactive state, the legs are folded at the genu
between the thigh and calf-1 domains on the α subunit and on the β subunit the legs bend
between the EGF domains 1 and 2. This bend in the legs causes the head domain to come
in close proximity with the lower leg. When the integrin moves into its high affinity,
active integrin state, the legs extend and the head domain orients to the top of the
integrin. The sequence of events involved in the conformational changes that occur in the
extracellular domain as the integrin converts from low affinity to high affinity are still
unclear, but at the present there are two proposed models. The ‘switchblade’ model states
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that ligands can only bind to extended integrins while the ‘deadbolt’ model states that
integrin extension can only occur after the ligand has bound to the integrin. In addition to
movement in the extracellular regions, there is significant movement within the
transmembrane and cytoplasmic regions.
A change in the normal profile of integrins on a cell may lead to pathological
changes and the progression of many diseases including cancer [21-23]. Metastasis of
tumor cells converts cancer from a localized, potentially curable disease, to a complex
multi-organ disease which is usually incurable [24, 25]. This transition requires
detachment of tumor cells from the primary site reaching circulation, invasion into distant
target organs, and formation of the secondary growth. Obviously, a change in the binding
profile of cells to the ECM plays a critical step in each stage of the development of
metastases.

α9β1 integrin
α9β1 integrin was first identified by Sheppard et al. using polymerase chain
reaction (PCR) amplification from primary cultures of guinea pig airway epithelial cells
where it was found to be diffusely expressed [15, 26]. Early in its history, α9β1 integrin
was hypothesized to be important primarily to migratory cells such as leukocytes [11].
This is due to its high homology to and shares many common ligands with another
integrin that is very important to leukocyte migration, α4β1 integrin. Within the
cytoplasmic domain of the two integrins there is a high level of homology, reportedly
between 39-52% homology [27-29] while there is only about a 27% homology to other α
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subunits. This high level of similarity is probably why the two integrins share common
ligands, such as vascular cell adhesion molecule-1 (VCAM-1).
The α9 subunit forms a single heterodimer with only the β1 subunit [29]. Unlike
the extracellular domain of many other alpha subunits, which are composed of two
separate peptides connected by a disulfide bond, the extracellular domain of the α9
subunit is a single polypeptide. The function of α9β1 integrin has been difficult to fully
elucidate due to two major obstacles. One of the problems is that mice homozygous for a
null mutation of the α9-subunit die by day 12 after birth from chylothorax therefore it is
difficult to analyze how loss of α9β1 integrin would affect a fully developed organism.
[15, 30]. The second problem is that α9β1 integrin expression is quickly lost in vitro in
isolated cultures. Of all the immortalized glioma cell lines, only one retains its α9β1
integrin expression in culture: LN229 [23]. Therefore, when studying the function of
α9β1 integrin, it becomes necessary to develop artificial systems to compare to in vivo
results. Despite these difficulties, behavior patterns have been seen when examining cells
expression α9β1 integrin. Typically, when α9β1 integrin is stimulated through binding to
one of its ligands, it increases the pro-migratory and pro-proliferative abilities of the cell.
This increase in migration and proliferation is dependent on unique sequences within the
cytoplasmic region of the integrin as shown through deletion studies [15, 31].
α9β1 integrin is widely distributed throughout the human body and is expressed
on a number of different cell types including epithelial cells; smooth, skeletal, and
cardiac muscle cells; neutrophils; hepatocytes; and endothelial cells [30]. Based on the
wide range of cells with positive α9β1 integrin expression, it should come as no surprise
that this integrin interacts with a variety of ligands including VCAM-1, tenascin,
7

osteopontin, a disintegrin and metalloproteinase (ADAMs) family members such as
ADAM 12 and ADAM 15 by interaction with their disintegrin-like domain,
thrombospondin-1 (TSP-1), vascular endothelial growth factor (VEGF) -C and –D, and
nerve growth factor (NGF).

VLO5 as a specific inhibitor of α9β1 integrin
VLO5 belongs to a family of non-enzymatic, small molecular weight (7 to 10
kDa) cysteine rich proteins isolated from snake viper venom called disintegrins [32-34].
These proteins interfere with integrin function by binding to and blocking the integrin’s
ability to interact with ligands. Disintegrins are divided into five groups according to their
length and the number of disulfide bonds they contain. Short disintegrins composed of
41-51 amino acid residues and four disulfide bonds belong to the first group. The second
group is made up of medium-sized disintegrins composed of about 70 amino acids and
six disulfide bonds. The third group contains long disintegrins with about 84 residues and
seven disulfide bonds. The fourth group is made up of proteins containing an N-terminal
“disintegrin-like” domain of about 100 amino acids and eight disulfide bonds and a
cysteine-rich C-terminal domain with 110-120 residues and six disulfide bonds. The final
group is the most diverse and is comprised of homo- and heterodimer disintegrins. Both
subunits of the dimeric disintegrins contain about 67 amino acid residues with 10
cysteines involved in the formation of four intra-chain and two interchain disulfide
bonds.
The ability of disintegrins to inhibit integrin activity is dependent on the
appropriate pairing of cysteine residues that determine the conformation of the inhibitory
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loop. Located at the apex of the inhibitory loop, there is a tripeptide sequence that
determines the protein’s adhesive properties. In a majority of disintegrins this tripeptide
sequence is made up of arginine/glycine/aspartic acid (RGD), however recent discoveries
have identified other functional tripeptide sequences. The only conserved characteristic is
the presence of an acidic residue at the C-terminal site of the integrin-binding sequence,
which may be responsible for the binding of disintegrins to integrin receptors that share a
β-subunit whereas the other two residues dictate the integrin specificity.
VLO5 is a non-RGD containing heterodimer isolated from the viper Vipera
lebetina obtusa with a valine/glycine aspartic acid (VGD) inhibitor sequence on one
subunit and a methionine/leucine/aspartic acid (MLD) sequence on its other subunit
(Figure 2) [35, 36]. The MLD tripeptide allows VLO5 to be a potent inhibitor of α9β1
integrin. It has previously been shown that VLO5 potently inhibited adhesion of α9β1expressing cells to three ligands, VCAM-1, tenascin-C, and osteopontin with IC50 values
of 2.6, 34, and 29 nM respectively. More recently, it has also proven to be effective in
blocking the interaction α9β1 integrin with NGF with an IC50 value of 4.5 mM [37].
While VLO5 is a potent inhibitor of α9β1 integrin, it has low to negligible inhibitory
properties against RGD-dependent integrins thereby making it an ideal inhibitor for α9β1
integrin focused studies.
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VLO5α NSGNP—CCDPVYCKPRRGEHCVSGPCCRNCKFLRAG
TICKRAVGDDMDDYCTGISSD-CPRNPWKSE
VLO5β MNSANPCCDPKTCKPRKGEHCVSGPCCRNCKFLSPG
TICKRTMLDGLNDY-CTGVTSDCPRNPWKSEEE

Figure 2. Amino acid composition of VLO5 disintegrin. Cysteines are marked in
bold and underlineds and the active site is in red and underlined. According to
Calvete et al. 2003.
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NGF and its Receptors
Originally isolated from mouse sarcomas and snake venom, NGF was the first
polypeptide growth factor discovered [38]. Although after the initial isolation of NGF
and demonstration of its effect on the central nervous system the growth factor “did not at
first find enthusiastic reception by the scientific community”, it has since become the
prototypic neurotrophin. NGF is an evolutionarily conserved neurotrophin that has a well
established role in the development and maintenance of sensory, sympathetic, and
cholinergic neuronal populations [12, 39-41]. The monomer of NGF has an elongated
shape with two pairs of twisted, antiparallel β-strands forming the central backbone of the
molecule (Figure 3) [42]. One side of the molecule has three hairpin loops while the other
has a cysteine-knot motif formed by three disulfide bonds. This cysteine-knot motif
stabilizes the fold and locks the molecule in its conformation. Two of the disulfide bonds
interact with the protein backbone to form a closed ring which is infiltrated by the third
loop. When in its biologically active form, two NGF monomers combine in a parallel
manner to form a homodimer with both monomers assembled around a central twofold
axis giving the dimer a ‘dumbbell’-like shape. The two central β sheets pack together to
form the ‘handle’. One side of the dumbbell is made up of the cysteine-knot motif, the N
and C termini, and one of the hairpin loops. The other side of the dumbbell has three
hairpin loops connecting four short β strands arranged in two antiparallel β sheets.
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A

B

Figure 3. Ribbon diagrams of monomer and dimer NGF molecules. A. Monomer
structure contains four twisted, antiparallel β-strands located in the core of the molecule.
The C- and N- termini are located on one side of the molecule with one of the four
hairpin loops. Cysteine residues forming the cysteine-knot motif near the top of the
molecule are shown in gray and yellow in a ball-and-stick manner. The other side of the
molecule contains the remaining three hairpin loops. B. Homodimer structure contains
monomer molecules combined in a parallel fashion with the β-sheets intermingling in the
middle of the molecule forming the ‘handle’ of the dumbbell. The ends of the dumbbell
are formed by the C- and N- termini and a hairpin loop on one side and the remaining
three hairpin loops on the other side. According to Wiesmann and de Vos 2001.
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NGF is a pleiotropic molecule having different cellular affects depending on the
target cell type. In addition to its role in maintenance of neurons, NGF has been
implicated in tissue inflammation, neuropeptide expression regulation, skin physiology,
and peripheral tissue regeneration. It can even exert its influence on angiogenesis by
stimulating secretion of VEGF. NGF treatment can also act as both an activator and
inhibitor of apoptosis [12]. This may be due to differential NGF receptors on the cell
surface. Before the discovery that NGF exerts its influence through binding to α9β1,
research focused on the interaction of NGF with its receptors TrkA and p75NTR [40, 41].

TrkA
The human trk gene was one of the first transforming genes identified in human
malignancies [43]. It was first identified because it undergoes somatic rearrangement
during malignant activation in colon carcinoma. This proto-oncogene is transcribed into a
790 amino acid residue protein demonstrating characteristics similar to other tyrosine
kinase receptors [44]. Within the extracellular domain there is no homology with other
growth factor receptors as it contains only 11 cysteine residues, whereas other growth
factor receptors such as EGFR have one or more cysteine-rich domains [45]. The
extracellular domain can be separated into 5 domains. There is a domain containing three
leucine-rich repeats capped with small cysteine clusters (D1-D3) followed by two Ig-like
domains, Ig-C1 and Ig-C2 (D4 and D5) [46]. The transmembrane domain consists of
about 25 predominantly nonpolar, hydrophobic, and uncharged amino-acids residues
arranged in an α helix [41]. There are also no relevant homologies with other growth
factor receptors within the transmembrane or cytoplasmic domains other that the catalytic
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region where there is a 37% homology with other kinase receptors [43]. After
transcription, the primary transcript is 110 kDa with a polypeptide backbone of 80 kDa
[43]. During its transport to the plasma membrane the glycoprotein becomes glycosylated
to create a 140 kDa glycoprotein.
TrkA was first identified as a receptor for NGF using immunoprecipitation [47].
Lysates from PC12 cells were treated with antibodies to NGF and researchers were able
to precipitate TrkA. Upon further investigation, it was found that one of the antibodies
that also precipitated TrkA was an anti-phosphotyrosine antibody. This lead to the
conclusion that TrkA may elicit NGF’s affect on cell behavior through tyrosine kinase
activity.
After NGF binds to TrkA, the receptor dimerizes and undergoes rapid and
specific autophosphorylation of several tyrosine residues in the cytoplasmic domain of
the receptors [41, 42, 48]. This phosphorylation event leads to recruitment of subsequent
signal transduction substrates such as the adaptor protein Src Homology containing (Shc)
and phospholipase C [12, 37]. These molecules then activate the extracellular signal
regulated kinases (Erk 1/2) leading to cell survival and proliferation pathways.

p75NTR
The second NGF receptor, p75NTR, was first identified in 1990 as a receptor for
tumor necrosis factor-α (TNF-α) [49]. Using a TNF-α-Sepharose 4B affinity column, the
receptor was isolated from lysates of the cell lines HL-60 and U-937/T cells. The
resultant precipitates were separated on a sodium dodecyl sulfate (SDS) polyacrylamide
electrophoresis gel and a protein with a molecular mass of 75 kDa was identified. p75NTR
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is a transmembrane receptor which belongs to the TNF/Fas/CD40 receptor superfamily
[50].
The neurotrophin receptor p75NTR is a single peptide chain of approximately 400
amino acid residues [51]. The receptor is composed of a single membrane spanning
domain connecting a short cytoplasmic domain to a slightly longer extracellular domain.
The extracellular domain of the receptor contains tandem arrays of an extracellular motif
that each contain six cysteines which function as the ligand binding domain [52]. On this
extracellular domain there are two glycosylation sites. On the farthest amino-wise tandem
array there is an N-linked glycosylation site and between the tandem array close to the
membrane there is an O-linked site. Within each tandem array the cysteines are linked
producing a rigid, elongated structure. Following a small transmembrane domain there is
an intracellular domain containing further binding domains as well as a ‘death domain’.
Interestingly, the intracellular domain of p75NTR is highly conserved between species; the
transmembrane and regions of the intracellular and extracellular domains close to the
membrane are almost completely homologous in chick, rat, and humans. The first
binding domain seen in the intracellular region is specific for members of the TNF
Receptor Associated Factor (Traf) family of proteins. This sequence is similar to those
seen in TNF-RII, CD30, and CD40, however in p75NTR the physiological significance of
these homologies remains unclear. The next region of the intracellular domain of interest
is the 90 amino acid long death domain which is similar to those seen in other TNF
receptor members. Like other TNF receptors, p75NTR has no intrinsic enzymatic activity
related to this region, however like other TNF receptors such as fas this region is required
to mediate interactions with downstream signaling elements used to activate apoptotic
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signaling cascades. One difference between the death domain found in p75NTR and those
found in other TNF receptor members is that in p75NTR the death domain does not
aggregate or self-associate. This may be because the α-helix required for self-association
in the Fas death domain is shifted to an almost perpendicular position in p75NTR. Within
the sixth α-helix of the death domain, there is a region similar to the Gα activating
domain seen in some G-protein coupled receptors. In native species this G-protein
activator is relatively ineffectual, but when it is added exongenously it has been shown to
potentiate NGF-dependent neuronal outgrowth in PC12 cells. Near the carboxy terminus
there is a final binding domain specific for postsynaptic density (PSD) -like proteins.
p75NTR is a common neurotrophin receptor that lacks selectivity only to NGF. IT
binds other neurotrophins including brain-derived neurotrophic factor (BDNF),
neurotrophin (NT)-3, NT-4/5, and NT-6 [51, 53]. However, p75NTR–dependent signal
transduction appears to be present only following binding to NGF, not the other
neurotrophins [42, 54]. Unlike TrkA whose cellular function has been easier to elucidate,
the functional role of p75NTR has been harder to determine and often leads to
contradictory results [12, 52]. When expressed on the cell surface without TrkA, p75NTR
may activate signaling cascades involved in either apoptosis or proliferation.
Part of the reason the biological function of p75NTR has been hard to determine,
because NGF leads to activations of pathways with very different cellular outcomes
depending on the cell context and co-receptors present [12, 55]. Binding of NGF to
p75NTR can lead to apoptosis through either the c-jun N-terminal kinase (JNK) or cysteine
aspartyl proteases (caspase) pathways or cell survival and proliferation through activation
of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κβ) pathway.
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One of the most documented pathways associated with neurotrophin binding to
p75NTR is the JNK pathway. Several cell types including oligodendrocytes, superior
cervical ganglion neurons, and the Schwannoma cell line demonstrate NGF-dependent
JNK activity [56]. After binding of NGF to p75NTR, researchers have shown that the small
GTPase Rac becomes activated leading to propagation of an apoptosis signal.
Interestingly, this apoptosis effect is not dependent on p75NTR’s death domain [57].
Deletion of the death domain sequence had no effect on apoptosis while deletion of the
29-amino acid cytoplasmic sequence proximal to the membrane, ‘Chopper’, caused the
receptor to be ineffectual. Activation of p75NTR by NGF also leads to activation of the
spingomyelinase pathway. Sphingomyelin hydrolysis produces increased levels of the
lipid messenger ceramide, which is sustained for several hours after NGF treatment [50,
53, 54]. This ceramide production is specific to only NGF with no increase seen when
treated with other neurotrophins like BDNF or NT-3. Increased levels of ceramide also
leads to activation of the JNK pathway, enhancing the apoptotic signal.
Another NGF-dependent apoptotic pathway demonstrated in oligodendrocytes is
activation of specific caspases [58]. One caspase hypothesized to be involved was
caspase-8. Caspase-8 is required for activation of apoptosis in TNF and Fas receptor
signaling. Because p75NTR has a high homology with those receptors, it was thought to
also play a role in p75NTR-dependent apoptosis, however this was shown to be unfounded.
Researchers found that following treatment with NGF, caspase-1 was strongly activated
with a lesser activation of caspases-2 and -3. Caspase-1 is an important component of the
apoptosis pathway associated with inflammation. As increased production of NGF is
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often associated with inflammation this seems a logical caspase to be involved in NGFdependent apoptosis through p75NTR.
Pathways activated by other TNF receptors were also investigated in the context
of NGF binding to p75NTR [53]. One pathway that has a positive correlation is activation
of the NF-κB pathway, which is typically a cell survival pathway [59]. When in its
inactive form, the NF-κB transcription factor is sequestered to the cytoplasm of the cell
because it is bound to an inhibitory protein of the IκB family [59]. Activation begins with
phosphorylation and rapid degradation of the IκB proteins by the IκB kinase, freeing the
NF-κB molecule allowing it to translocate to the nucleus. Once in the nucleus, NF-κB
regulates the expression of a wide variety of genes associated with an increase in cell
survival. Following treatment with NGF, p75NTR associates with the serine/threoninespecific protein kinase IL-1 receptor-associated kinase (IRAK), which once it becomes
highly phosphorylated, interacts with TRAF6. The IRAK-TRAF6 complex then
phosphorylates the IkB protein leading to the translocation of NF-κB to the nucleus.

p75NTR and TrkA as co-receptors for NGF
Before the identities of TrkA and p75NTR were confirmed, researchers
demonstrated the activity of two classes of NGF receptors found on cells [51]. The major
population of receptors was a low affinity NGF receptor with a Kd of 10-9 M while the
smaller, approximately 10-15%, high affinity NGF receptor had a Kd of 10-11 M [60].
Originally it was assumed that the low affinity receptor was p75NTR with the TrkA
receptor being the high affinity receptor. It was later determined that the two receptors
have similar rates of association, both having a Kd of 10-9 M, however there was a
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significant difference in the rate of dissociation (10 minutes for TrkA versus 3 seconds
for p75NTR). It was later seen that co-expression of both receptors is required for the high
affinity complex to be formed [61]. This complex has been seen in a variety of cells
including Schwann cells, melanoma, pheochromocytoma, and neuroblastoma cells [60].
How the two receptors interact is still under investigation. Fluorescence recovery
after photobleaching and co-patching studies have suggested that the two form a complex
on the cell membrane through an interaction between their extracellular domains [52].
However, these results are called into question based on the difficulty of coimmunoprocipitation in cell models displaying endogenous receptor expression [51].
Only in cell models where the two receptors are overexpressed can coimmunoprecipitation of one receptor precipitate the other [62].
Although both TrkA and p75NTR receptors bind to NGF, they do so in individual
confirmations (Figure 4). NGF binds to TrkA in a 2:2 stoichiometric ratio in a ‘crab-like’
complex with extended pinchers (Figure 4A) [46]. Each TrkA molecule binds to an
opposite side of the NGF homodimer through their Ig-C2 domain forming the body of the
crab with the remaining domains of the extracellular region extending away from the
membrane forming the pinchers.
The shape of the complex formed when p75NTR binds to NGF is more
controversial. There are two hypothesizes about how p75NTR binds to NGF. In both
instances, NGF forms a homodimer similar to its binding to TrkA. One hypothesis is that
p75NTR stably binds to NGF in an asymmetric manner in which only one side of the NGF
homodimer is bound to p75NTR [46]. When this hypothesis was first proposed, it was
thought that this was an intermediate step towards the formation of a 2:2 complex similar
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to TrkA binding, however researchers have shown this is not likely to occur. The second
hypothesis degates the first hypothesis stating that the 2:2 complex is formed between
p75NTR and the NGF homodimer and is required for signaling to occur [63].
Controversy about the binding of NGF to p75NTR continues to formation of a
NGF/TrkA/p75NTR complex (Figure 4B). Those that hypothesize that NGF binds to
p75NTR in an asymmetric manner predict that the unbound side of the NGF homodimer
contains a binding site for TrkA to form a 1:2:1 complex [46]. However, this can not be
accomplished if the receptors extend vertically away from the cell surface. In order for
this to be possible, the complex would have to lie parallel to the membrane sandwiching
NGF between them. The second hypothesis is in direct opposition to the first hypothesis
where the two TrkA receptors bind to opposite sides on the NGF homodimer with two
p75NTR receptors interacting with the outer sides of the TrkA/NGF complex forming a
2:2:2 symmetric tricomplex [63].
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A

B

Figure 4. Differential proposals of p75NTR and TrkA binding to NGF individually and as
one complex. A. The TrkA/NGF complex is scientifically agreed upon as a symmetric
2:2 complex in a ‘crab-like’ shape. There are two proposed complexes for the
p75NTR/NGF complex. In the first hypothesis, NGF binds asymmetrically to p75NTR
leaving a binding site free on the opposite side of the NGF dimer. The second hypothesis
states that p75NTR binds NGF in a similar manner as TrkA in a symmetrical 2:2 complex.
B. The two proposed structures of the TrkA/p75NTR/NGF tricomplex. In the first
hypothesis there is an asymmetric 1:2:1 complex that lies parallel to the cell membrane
while the second hypothesis proposes a symmetrical 2:2:2 complex with TrkA binding
directly to the NGF and p75NTR interacting with the lateral sides of the TrkA molecule.
According to Chao 2003; Wegner and Campbell 2008.
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It has been well documented that TrkA and p75NTR cooperate in such a way as to
either enhance or reduce NGF-mediated TrkA receptor activation [52, 64, 65]. There
have been two hypothesizes proposed as to how p75NTR enhances TrkA signaling [65].
The first proposal is that p75NTR acts as a co-receptor that binds to NGF and either
concentrates it locally or presents it to TrkA in a favorable binding conformation. This
hypothesis is supported by evidence demonstrating that disrupting NGF binding to
p75NTR, either using a mutant form of NGF which binds TrkA but not p75NTR or a
mutant p75NTR receptor, reduces TrkA signaling. This local increase in NGF
concentration allows a lower total NGF concentration to elicit a positive response from
TrkA [66]. The second proposal is that p75NTR has an allosteric effect on TrkA receptor
independent of NGF binding. This hypothesis has been supported by work demonstrating
that high-affinity complexes can be generated when TrkA is co-expressed with either a
p75NTR receptor with a mutated NGF binding site or a hybrid p75NTR receptor composed
of the extracellular domain of EGF linked to the transmembrane and cytoplasmic
domains of p75NTR. Regardless of the mechanism of interaction between TrkA and
p75NTR, it has been shown that when the two receptors are co-expressed leading to the
formation of a high affinity complex it leads to an increase in TrkA-elicited
phosphorylation and therefore signaling capabilities.
p75NTR has also been shown to decrease NGF-dependent phosphorylation by
TrkA [52]. Cells that express TrkA without p75NTR have a higher level of ligandindependent TrkA tyrosine phosphorylation. When these cells were transfected with
p75NTR receptor, this phosphorylation was decreased. Another way that p75NTR represses
NGF-independent TrkA signaling is by increasing the receptor’s specificity for NGF [52,
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63, 65]. While NGF is the preferred ligand for TrkA, high concentrations of NT-3 and
NT-4/5 can also activate the receptor. This may lead to signaling initiated by TrkA even
when NGF is not present. However, like nonspecific phosphorylation, this NGFindependent activation is attenuated by p75NTR expression. The mechanism explaining
the ability of p75NTR to control the level of TrkA-dependent phosphorylation is not yet
elicited, but it is hypothesized that activation of p75NTR leads to serine phosphorylation of
the TrkA receptor. Phosphorylation of serine or threonine residues within the cytoplasmic
domain is common to suppress of tyrosine kinases signaling.
Disrupting the balancing act of influence between TrkA and p75NTR has a
significant effect on the pathology of cells. During pathological or inflammatory
conditions, the level p75NTR receptor is significantly upregulated. Previous results have
shown that upregulation of p75NTR influences the rate of proliferation and apoptosis in
glioma cells as well as cell invasion [55].

Glioma
Tumors of the central nervous system (CNS) are a relatively common occurrence
in the US, which records more than 40,000 cases annually [67]. Despite the fact that they
represent a small number, about 2%, of the total number of cancers diagonosed, tumors
of the CNS have a disproportionate rate of mortality. Malignant primary brain tumors are
the leading cause of death from solid tumors in children and in adults aged 15-34 years.
Tumors present with symptoms including headache occurring in about 35% of patients,
seizures seen in about one-third of patients, and an altered mental status in about 15-20%
of patients.

23

CNS tumors are classified as either gliomas and non-gliomas [67]. The
malignancy of gliomas is graded according to the World Heath Organization (WHO)
consensus-derived scale of I to IV based on four histological features: increased
cellularity, mitoses, endothelial proliferation, and necrosis [68]. The first three grades of
glioma are astrocytomas. Astrocytomas usually appear on a magnetic resonance imaging
(MRI) as lesions and are biologically benign. These relatively uncommon tumors
typically occur in young adults, in their 20s or 30s, and present with seizures. The median
survival time is about 5 years. These tumors are either well circumscribed or diffusely
infiltrating so they can usually be treated with complete surgical resection [67]. Even in
situations where complete resection is not possible, the tumor may remain indolent and is
a good candidate for radiation. Grade II astrocytomas are similar to grade I astrocytomas,
the only difference being an increased cellularity.
Grade III gliomas, anaplastic astrocytomas, differ from low grade glioma because
they have increased anaplasia and proliferation. They present with a diffuse infiltration of
the surrounding brain making total resection improbable. The median age for diagnosis is
about 45 years old and the median survival is about 24-36 months. Unlike low grade
astrocytomas, anaplastic astrocytomas have a high level of mitoses. While these gliomas
are not the highest of malignancy, they tend to advance to the highest grade of
malignancy [69].
The highest malignancy, grade IV glioblastoma multiforme (GBM), is the most
common form of primary brain tumor [67]. This glioma shows a very high level of
vascular proliferation with marked nuclear pleomorphism, high mitoses, endothelial
proliferation, and many areas of necrosis. The average age of onset is around 55 years
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old, however this type of glioma has been known to occur at any age, even in childhood.
GBM shows an extensive level of infiltration which makes total resection virtually
impossible as GBM can form extensions that lengthen away from the main tumor mass
by several centimeters. Reoccurance is also a major concern with GBM. Even after
resection, 95% of gliomas recur within 2.5 centimeters of the resection margin [55]. This
combination of hindrances is the reason GBM has one of the worst 5-year survival rates
among all human cancers [70]. After diagnosis, the average survival is around 12 months
[68, 71]. There are a small percentage of patients who survival until 36 months, but these
long-term survivors are extremely rare.
Astrocytomas that overexpress TrkA tend to have a more favorable prognosis and
frequently regresses by apoptosis either spontaneously or after chemotherapeutic
treatment [12, 72]. Downregulation of TrkA receptor expression is linked to a more
aggressive tumor phenotype and the likelihood of lethality as tumors that express little or
no TrkA are lethal in 80-95% of patients despite maximal therapy. Because of this, TrkA
is sometimes used as a prognostic indication for clinical progression. In vitro work using
cells expressing p75NTR but not TrkA examined the level of cellular invasivness as a
result of NGF treatment [55]. It was found that when the TrkA negative cells were treated
with NGF, the level of invasiveness into a matrigel increased. This invasive characteristic
was p75NTR dependent, because after cells were treated with siRNA targeting p75NTR,
NGF-dependent infiltration was abolished.
Researchers analyzed the levels of p75NTR in glioma from surgically resected
tumor samples using immunohistochemistry, RT-PCR, and western blot to confirm their
in vitro data [55]. They found that the p75NTR receptor was found in 20 of the 40
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examined cases with an increased frequency seen with increased gradation of tumor. In
normal brain tissue, p75NTR was undetectable. In mid-grade astrocytomas p75NTR was
found in 2 of the 9 patients, however it was found in 17 of the 20 patients with GBM. In
order to observe the effect of p75NTR on invasion of glioma cells in vivo, human glioma
cells were xenotransplanted into the brains of immunocompromised mice. Researchers
found that those cells that had the highest level of infiltration also had high levels of
p75NTR expression with neither mRNA nor protein for the TrkA receptor in the invading
glioma cells.
The highly infiltrative nature of GBM makes it an ideal candidate for
α9β1 integrin activity investigation as cell migration during cancer progression is one
area of research where it has been hypothesized that α9β1 integrin plays a role [23].
Previous researchers have evaluated the levels of α9β1 integrin compared to glioma
malignancy. It was found that on normal brain tissue the levels of α9β1 integrin were
negligable, however these levels increased as the grade of tumor increased, with the
highest levels seen in GBM. They also found that one of α9β1 integrin’s ligands, NGF,
induces malignant tendencies in an α9β1 integrin positive GBM model cell line, LN229,
including proliferation and migration. VLO5 is also involved in transferring proapoptotic
signals in an α9β1 integrin-dependent manner. NGF binding to α9β1 integrin may play a
major role in not only the progression of disease, but also the migration of the tumor.

Thesis Overview
Previous reports have shown that as glioma progresses from astrocytomas to
GBM, the expression of NGF receptors p75NTR and α9β1 integrin increases. As of yet, it
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has not been shown what, if any, interaction these two receptors may display. Interaction
between the receptors is not implausible as p75NTR plays a regulatory role in TrkA
signaling. It is my hypothesis that when TrkA is absent on the cell surface, p75NTR
interacts with α9β1 integrin in such a way as to increase the malignant processes of cells,
namely proliferation, migration, and infiltration.
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CHAPTER 2
MATERIALS AND METHODS

Reagents
Rabbit polyclonal anti-p44/42 MAP Kinase (Cell Signaling, Beverley, MA); Rabbit
polyclonal anti-Phospho-p44/42 MAP Kinase (Tyr202/Tyr204) (Cell Signaling,
Beverley, MA); Mouse monoclonal anti-p75NTR (Millipore, Bedford, MA); Rabbit
polyclonal anti-c-jun (Millipore, Bedford, MA); Rabbit polyclonal anti-β1 integrin
(Chemicon, Temecula, CA); Rabbit polyclonal anti-α9 integrin (Chemicon, Temecula,
CA); Rabbit polyclonal anti-α5 integrin (Chemicon, Temecula, CA); Mouse monoclonal
anti-α1 integrin; Rabbit polyclonal anti-TrkA (Chemicon, Temecula, CA); Goat AntiRabbit conjugated HRP (Cell Signaling, Beverley, MA); Goat Anti-Mouse conjugated
HRP (Cell Signaling, Beverley, MA); Fluorescein (FITC)-conjugated AffiniPure Goat
Anti-Rabbit (Jackson Immunoresearch Laboratories, West Grove, PA); Fluorescein
(FITC)-conjugated AffiniPure Goat Anti-Mouse (Jackson Immunoresearch Laboratories,
West Grove, PA); Texas Red-conjugated Goat Anti-Mouse (Vector Laboratories,
Burlingame, CA); Alexafluor 488 Goat Anti-Rabbit (Cell Signaling, Beverley, MA)

Recovering Plasmid from Stab Culture
The integrin alpha9 pcDNA1 neo vector (Addgene Incorporated, Cambridge, MA) was
received in a vial containing agar with ampicillin/tetracycline antibiotics stabbed with the
inoculated bacteria. To propagate the bacteria, a sample of the bacteria was streaked on
agar (Sigma-Aldrich, St. Louis, MO) plates with ampicillin/tetracycline antibiotics

28

(Fisher Scientific, Waltham, MA) and incubated at 37°C overnight. The following day,
individual colonies were isolated and mini-prepped.

Mini Prep of integrin alpha9 pcDNA1 neo vector using a Qiagen Maxi Preparation
Kit
An individual bacterial colony was combined with 15mL Luria-Bertani (LB) medium
(Bio 101 Inc, Vista, CA) containing ampicillin/tetracycline and incubated overnight at
37°C oscillating at 225 RPM. The following day, 500 μL of the sample was combined
with 500 μL glycerin (Fisher Scientific, Waltham, MA) to create a glycerol stock for
future use. The remainder of the mixture was centrifuged for 5 minutes at 3,000 RPM.
After the supernatant was discarded, the vector was isolated according to the protocol in
the Qiagen Maxi Preparation Kit (Qiagen, Valencia, CA). The pellet was resuspended in
300 μL P1 resuspension buffer containing RNase A and moved to a microcentrifuge tube.
Next, 300 μL P2 lyse buffer and P3 neutralization buffer were added to the tube inverting
the tube after each addition. The tube was then centrifuged for 5 minutes at 14,000 RPM.
Afterwards, 700 μL of the suspension was combined with 700 μL isopropanol (Fisher
Scientific, Waltham, MA) and spun for 5 minutes at 14,000 RPM to precipitate the
vector. The supernatant was discarded and the pellet containing the vector was
resuspended in 60 μL dH20. To check vector quality the samples were run on a 1%
agarose (Fisher Scientific, Waltham, MA) gel. The sample with the cleanest band at the
correct molecular weight was selected for a maxi prep.
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Maxi Prep of integrin alpha9 pcDNA1 neo vector using a Qiagen Maxi Preparation
Kit
The sample of the glycerol stock previously described was expanded in 1L LB containing
100mg/L ampicillin/tetracycline and oscillated at 225 RPM overnight at 37°C. The next
day, the bacteria was poured into a large centrifuge bottle and centrifuged at 8,000 RPM
for 10 minutes to pellet the bacteria. After the supernatant had been discarded, the vector
was isolated according to the instructions for the Qiagen Maxi Preparation Kit. The pellet
was resuspended in 10mL P1 and transferred to a small centrifuge bottle. Next, 10 mL P2
lyse buffer was added and the solution was mixed until all the bacteria were lysed. Lastly,
10mL P3 neutralization buffer was added to the mixture and was incubated on ice for 10
minutes. The sample was then spun at 14,000 RPM for 10 minutes to pellet the bacterial
debris. The supernatant was transferred to a maxi prep column which was previously
equilibrated using 10mL QBT equilibration buffer. The column was washed twice with a
total of 20mL QC wash buffer. Next, 10 mL QF elution wash buffer was applied to the
column and collected in a clean tube. This solution was mixed with 10 mL isopropyl
(Signa-Aldrich, St. Louis, MO) and incubated on ice for 10 minutes then the tube was
spun at 10,000 RPM for 10 minutes to precipitate the vector. The supernantant was
removed leaving the vector which was redissolved in 100μL dH2O

Cell Culture
Cell lines LN229, LN18 (purchased from American Type Culture Collection, Manassas,
VA) and LB3 (isolated from primary GBM tissue) cells were grown in 75 cm2 cell
culture flasks (Corning, Corning, NY) in Dulbecco's Modified Eagle Medium (DMEM)
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(Gibco, Carlsbad, CA) supplemented with 10% Fetal Bovine Serum (FBS) (SigmaAldrich, St. Louis, MO), 200mM L-Glutamine at a 1:100 dilution (Mediatech Inc,
Herdon, VA), 10,000 I.U./ mL Penicillin, and a 10 mg/mL Streptomycin solution at a
1:100 dilution (Mediatech Inc, Herdon, VA). Cells were maintained in a humidified
incubator containing 5% CO2 at 37°C.

Stable Transfection of the α9 integrin subunit
LN18 and LB3 cells were grown to 80% confluency on a sterile Petri dish (Falcon,
Pittsburgh, PA). 10μg vector prepared as previously described, 1mL OPTI-MEM cell
culture medium (Invitrogen, Carlsbad, CA), and Lipofectin (Invitrogen, Carlsbad, CA)
were added to the plates and incubated at 37°C with 5% CO2 for 5 hours, rocking every
30 minutes. The DNA mixture was aspirated off, the dish was washed twice with OPTIMEM, and the cells were incubated with full DMEM media overnight at 37°C. The next
day, the full DMEM media was aspirated off and full DMEM supplemented with
1mg/mL G418 Sulfate antibiotic (Mediatech Inc, Herdon, VA). When individual colonies
were visable on the Petri dish, individual colonies were selected using a sterile Q-tip
(General Medical Corporation, Richmond, VA) and the colony was expanded in a 75 cm2
cell culture flask in full DMEM with G418.

Immunocytochemistry
Cells were grown to 70% confluence on a 4 chamber polystyrene vessel tissue culture
treated glass slide (BD Falcon, Bedford, MA). They were then washed 3 times with
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phosphate buffered saline (PBS) (Mediated, Manassas, VA) then fixed for 1 hour with
4% paraformaldihyde (Fisher Scientific, Waltham, MA) in PBS on ice. Chamber slides
were then washed 3 times with PBS. Cells were permobilized with 0.1% Triton (Fisher
Scientific, Waltham, MA) in PBS for 1 minute and washed 3 times with PBS. Chamber
slides were blocked with 5% bovine serium albumin (BSA) in PBS for 1 hour at room
temperature. Cell were washed 3 times again with PBS and then incubated with 1μg/mL
primary antibody in 0.1% BSA in PBS for 90 minutes at 37°C. After washing the cells 3
times with PBS, cells were then incubated with a 1:1000 dilution of secondary antibody
in 0.1% BSA in PBS for 1 hour at 37°C. Cells were washed 3 times with PBS and then
mounted with Vecatashield Mounting Medium for fluorescence containing DAPI (Vector
Laboratories, Burlingame, CA) and a glass coverslip was applied. Images were captured
using a Olympus 1X81 microscope taken at 400x magnification.

Cell Lysing and Protein Concentration Determination
After cells were grown to 90% confluency, they were incubated with 5 mL 5mM
ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific, Waltham, MA) in Hanks
Balanced Salt Solution (HBSS) without calcium and magnesium (Invitrogen, Carlsbad,
CA) for 10 minutes at 37°C to detach them from the culture flask. Cells were then
transferred to a 15 mL eppindorf tube and centrifuged at 1,000 RPM for 5 minutes to
pellet the cells. After the supernatant was removed, the cells were lysed with a cell
extraction buffer (Biosource, Camarillo, CA) containing a protease inhibitor cocktail
composed of 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatin A, E-64,
bestatin, leupeptin, and aprotinin (Sigma-Aldrich, St. Louis, MO); a phosphatase
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inhibitor cocktail 1 composed of serine/threonine protein phosphatases and L-isozymes of
alkaline phosphatases (Sigma-Aldrich, St. Louis, MO); and a phosphatase inhibitor
cocktail 2 composed of tyrosine protein phosphatases, acid and alkaline phosphatases
(Sigma-Aldrich, St. Louis, MO) and incubated on ice for 10 minutes. After incubation the
lysates were centrifuged at 14,000 RPM for 5 minutes to pellet the cellular debris. The
supernatant was then transferred to a new tube and a protein concentration was
determined using a bicinchoninic acid (BCA) assay according to the manufacturer’s
protocol (Pierce, Rockford, IL). First, a standard curve was created using a BSA standard
(Pierce, Rockford, IL) at concentrations of 2, 1, 0.5, 0.25, 0.125, and 0.0625 mg/mL.
Next, BCA reagent B was diluted with BCA reagent A at a 1:50 ratio and 100 μL was
added to each sample well in a 96-well plate (Falcon, Pittsburgh, PA). Next, 10 μL of
each unknown sample was added to the wells in duplicates, using dH2O as a blank. The
plate was incubated at 60°C for 30 minutes and allowed to return to room temperature.
The plate was read with a Biotek Elx800 ELISA reader at 562nm and the standard curve
was used to determine the protein concentration based on the optical densities obtained.

Western Blot
Whole cell lysates were prepared as previously described. Samples were then boiled in
Lamni Buffer (BioRad Laboratories, Hercules, CA) containing dithiothreitol (DTT)
(Fisher Scientific, Waltham, MA) for 5 minutes. Samples were run on a 10% sodium
dodecyl sulfate (SDS) (Fisher Scientific, Waltham, MA)-polyacrylaminde (BioRad
Laboratories, Hercules, CA) gel and transferred onto a Immobilon-P Transfer membrane
(PVDF membrane) (Millipore, Bedford, MA) using a semi-dry transfer system (BioRad
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Laboratories, Hercules, CA). The transfer buffer used in the operation containined 25
mM Tris-Base (Sigma-Aldrich, St Louis, MO), 0.2 M Glycine (BioRad Laboratories,
Hercules, CA) and 20% methanol (Sigma-Aldrich, St Louis, MO). Following the transfer,
the membrane was blocked with 5% milk (Sigma-Aldrich, St. Louis, MO) in Trisbuffered saline (TBS) with 0.05% Tween-20 (TBST) (Fisher Scientific, Waltham, MA)
overnight at 4°C. The following day the membrane was probed with 1μg/mL primary
antibody in 3% milk for 1 hour at room temperature. The membrane was then washed 3
times in TBST for five minutes each then incubated with secondary antibody diluted
1:10,000 in 3% milk in TBST for 1 hour at room temperature. The membrane was then
washed three times with TBST for five minutes. The membrane was then incubated for 3
minutes with 1mL solution A and 25μL solution B at room temperature from the ECL
Plus Detection System (Amersham Pharmacia Biotech, Piscataway, NJ). Following
incubation with the ECL Plus Solution, the membrane was visualized by exposure to
Kodak autoradiography film (Sigma-Aldrich, St. Louis, MO).

ELISA Assay
10μg of a previously isolated α9 integrin subunit preparation was diluted with PBS to a
total volume of 100 μL per well and plated in a 96-well plate. The plate was incubated
overnight at 4°C. The next day, the plate was washed 3 times with PBS containing 0.05%
Tween-20 (PBST) to remove any unbound α9 integrin subunit and was blocked for 1
hour with 5% milk in PBST at 37°C. The wells were then washed with PBST 3 times and
incubated with primary antibody of an appropriate concentration diluted to 100 μL with
3% milk in PBST for 1 hour at 37°C after which the plate was washed 3 times with PBST
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again. Next, an appropriate concentration of the secondary antibody diluted to 100 μL
with 3% milk in PBST was then added to the wells and incubated at 37°C for 1 hour after
which the plate was washed 3 times with PBST and 2 times with PBS. Next, 100 μL of
an Alkaline Phophatase ELISA solution (Sigma-Aldrich, St. Louis, MO) was added to
the wells and incubated at room temperature until the color developed at which point the
plate was read with a Biotek Elx800 ELISA reader at 405 nm.

Co-immunoprecipitation
Cells were grown until 90% confluent and lysed with lysis buffer as previously described.
1mg of total protein was combined with 4μg primary antibody and PBS to a total volume
of 1mL and incubated overnight at 4°C with gentle rocking. The next day, G-sepharose
beads (Fisher Scientific, Waltham, MA) were added to the mixture and incubated an
additional 4 hours at 4°C with gentle rocking. Samples were then centrifuged at 14,000
RPM for 20 seconds. After the supernatant was removed, the beads were washed 3 times
with an equal volume of PBS. After the supernatant was removed for the last time, the
samples were mixed with 50 μL sample Lamni Buffer with DTT and boiled for 5
minutes. Samples were then subjected to western blotting as previously described.

Adhesion Assay
Adhesive molecules were plated on a 96-well plate and incubated overnight at 4°C. The
following day the plate was washed one time with 0.1% BSA in HBSS with calcium and
magnesium, and then blocked for one hour at room temperature in the same solution.
During the incubation, the cells were prepared. Cells were first detached with 5mM
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EDTA as previously described. The cells were pelleted through centrifugation at 1,000
RPM for 5 minutes. The supernatant was discarded and the cells were resuspended in
2mL HBSS with calcium and magnesium and the cells were labeled by incubation with
12.5 μM 5-Chloromethlfluorescein Diacetate (CMFDA) (Invitrogen, Carlsbad, CA) and
incubated at 37°C for 30 minutes. After 30 minutes, the cells were centrifuged at 1,000
RPM for 5 minutes and the supernatant was discarded. The pellet was washed one time
with 1% BSA in HBSS with calcium and magnesium and recentrifuged. Following the
wash, the cells were diluted to a concentration of 1x105 cells/100μL. The blocking
solution is removed and the wells were washed one time with 200mL 1% BSA in HBSS
with calcium and magnesium after which 100mL of the cell suspension was added to
each well. The plate was then incubated at 37°C for 30 minutes. After incubation, the cell
suspension was removed and the plate was washed three times with 1% BSA in HBSS
with calcium and magnesium to remove unadhered cells. 100mL 0.5% Triton-X was then
added to the wells to lyse the cell membranes and the plate was read using a Biotek FxL
800 fluorescence reader with a 485 nm excitation filter and a 530 nm emission filter.

Cell Morphology Assay
Cells were plated on a 6-well cell culture plate (Falcon, Pittsburgh, PA) and grown until
60% confluence. After a 24 hour serum starvation incubation, the cells were treated with
DMEM containing 2% FBS and no stimulation, 100ng/mL NGF, 1μM VLO5, or NGF
and VLO5. Cells were incubated at 37ºC for 72 hours in a 5% CO2 incubator, and an
image was taken every 24 hours using a fluorescent Olympus 1X81 fluorescence
microscope at 400x magnification.
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Live Cell Counting Assay
1x104 cells were plated in a 12-well cell culture plate (Falcon, Pittsburgh, PA) and
allowed to adhere overnight at 37ºC in a 5% CO2 incubator. The following day the cells
were serum starved for 24 hours after which fresh serum free DMEM with or without 100
ng/mL NGF was added to the cells and incubated for 48 hours. At time 0, 24, and 48
hours samples were detached from the wells, mixed with alamarBlue (Invitrogen,
Carlsbad, CA), and the cell number was recorded.

BrdU Assay
To evaluate proliferation rates, a BrdU assay was performed according to the
manufactures protocol (Roche, Mannheim, Germany). First, cells were plated on a 96well plate at a density of 5x103 cells/200 μL/well and grown at 37°C in a 5% CO2
incubator. After the cells had adhered to the plastic, they were serum starved for 24
hours. After starvation, the cells were given fresh serum free media with or without
100ng/mL NGF and allowed to proliferate for 24-hours. The next day, the BrdU labeling
solution was added to each well to a final concentration of 10μM, and incubated for 4
hours at 37°C in a 5% CO2 incubator. The solution was then removed from all wells, the
cell fixation solution was added and the plate was incubated at room temperature for 30
minutes. Next, the anti-BrdU-POD was prepared at a 1:100 dilution, added to each well
and incubated for 90 minutes at room temperature. The plate was then washed three times
with 1x wash buffer and then the color development solution was added. After the color
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developed, 25μL of 1M H2SO4 (Mallinckrodt Baker, Inc, Phillipsburg NJ) was added to
each well. The plate was then read on Biotek Elx800 ELISA reader at 450 nm.
Boyden Chamber Transmigration Assay
5μg/mL vascular cell adhesion molecule (VCAM-1) (Chemicon, Temecula, CA) was
plated on 8 μm pore size fluoroblock inserts (Falcon; Pittsburgh, PA) and incubated for 2
hours at 37ºC in a 5% CO2 incubator. After incubation, unbound VCAM-1 was removed
and the insert was washed twice with DMEM and placed into a 24 well plate (Falcon;
Pittsburgh, PA). Cells were grown to 80% confluency and detached from the culture flask
as previously described. The cells were incubated for 30 minutes with 3μg/mL Calcein
Metal Ester (Calcein, AM) (Invitrogen, Carlsbad, CA). Then, 2.5x105 cells in serum free
DMEM were applied to the top of the inserts and to the bottom chamber, DMEM with
2% FBS was added with and without NGF (100ng/mL) as a migratory stimulant. The
plate was read hourly for 6 hours using a Biotek FLx800 florescence plate reader with a
485 nm excitation filter and a 530 nm emission filter.

Wound Healing Assay
Cells were plated in a 6-well cell culture plate and allowed to proliferate until they reach
100% confluency. At that point an artificial “wound” was created on the cellular
monolayer using a p200 pipette tip. After scratching, the cells were washed one time with
HBSS with calcium and magnesium to remove any unadhered cells. DMEM containing
2% FBS was applied to the wells either containing 100ng/mL NGF or with no stimulant.
The cells were incubated at 37ºC in a 5% CO2 incubator for 24 hours with an image being
taken every 2 hours using an Nikon 300T microscope at 100x magnification.
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Quail Chorioallantoic Membrane Assay
Fertilized Japanese quail (Coturnix coturnix japonica) eggs were purchased from Boyd's
Bird Company (Pullman, WA). Eggs were cleaned with ethanol, and maintained at 37°C
until embryonic day 3 in an incubator without CO2. The shells were then opened with a
razor blade and sterile scissors, the contents transferred into 6-well tissue culture plates
and returned to the 37°C incubator. At embryonic day 6, cells (1x107/50μL) were applied
on the top of the CAM and returned to the incubator. On day 12, the embryos were fixed
with 5 mL pre-warmed 4% paraformaldehyde in PBS for 48 hours at room temperature.
The membranes were then resected from the embryo and placed into a 6-well plate. The
membranes were then incubated with anti-glial fibrillary acidic protein (GFAP) primary
antibody at a concentration of 1:1000 for 2 hours at 37ºC. After washing away the
unbound antibody the membrane was then incubated with Alexa Flour 488 goat antirabbit secondary antibody for 1 hour at room temperature. After washing, the membrane
was placed on a glass slide and images of the membranes were captured using a Nikon
300T microscope and a Leica Scanning Confocal Microscope.
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CHAPTER 3
RESULTS

Identification of α9β1 integrin and p75 NTR on GBM cell lines
Immunocytochemistry was used to determine the presence of the α9 integrin
subunit and p75NTR on three GBM cell lines, LN229, LN18, and LBC3, as well as two
cell lines transfected with α9 integrin, α9LN18 and α9LBC3. Briefly, cells were cultured
on a 4-chamber polystyrene tissue culture glass slide to 80% confluency. The slides were
then fixed with 4% paraformaldehyde, permobilized with 0.1% Triton in PBS and
blocked with 5% BSA. Following blocking, the cells were incubated with primary
antibodies specific for the α9 integrin subunit and p75NTR. After washing away excess
primary antibody, the cells were incubated with fluorescent secondary antibodies. The
slides were then mounted with mounting medium containing a DAPI stain. Using an
Olympus 1X81 microscope, images were taken at 400x magnification (Figure 5A).
LN229 expressed a moderate level of the α9 integrin subunit and p75 NTR on the cell
surface. LN18 did not express the α9 integrin subunit but expressed p75 NTR dispersedly
on the cell membrane. Transfection of LN18 cells with the α9 integrin subunit resulted in
its overexpression and clustering on the cell surface. Moreover, transfection also affected
expression of p75 NTR causing both cell membrane receptors to co-localize on the cell
membrane. LBC3 cells had no endogenous expression of either the α9 integrin subunit or
p75 NTR. α9LBC3 cells showed a similar pattern of expression of α9β1 integrin as
α9LN18 cells.
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To support our immunocytochemistry results, a western blot analysis of the cell
lysates was performed. Briefly, cells were grown to 80% confluency in 75 cm2 cell
culture flasks and lysed. Insoluble cell debris was removed and the protein concentration
was determined for the supernatant. The cell lysates were then run on a 10% SDS-PAGE
gel (Figure 5B). LN299 expressed a lower level of the α9 integrin subunit than α9LN18
and α9LBC3 which had similar expression levels. When the western blot membrane was
probed for p75NTR a positive expression signal was seen in LN229, LN18, and α9LN18
cells at similar levels. There was no p75NTR expression seen in LBC3 or α9LBC3 cells.
Expression of TrkA was also examined and only LN229 cells appeared to express the
receptor.
To confirm the relative levels of receptor expression, RT-PCR was performed to
examine the levels of mRNA (Figure 5C). LN18 cell lines contained about half the
p75NTR mRNA seen in LN229, however transfection with the α9 integrin subunit did not
effect expression levels. Results from the RT-PCR confirmed that LN229 expressed
TrkA therefore that cell line was excluded from further experiments to avoid interference
of TrkA/p75NTR signaling. The newly isolated LBC3 cells were also subjected to RTPCR to examine p75NTR levels and it was seen that there was no positive signal (Figure
5D).
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Figure 5. Identification of the α9 integrin subunit and p75NTR on GBM cell lines. (A)
Immunocytochemistry of five GBM cell lines: LN229, LN18, α9LN18, LBC3, and
α9LBC3. Cells were plated on a 4 chamber polystyrene vessel tissue culture treated glass
slide and incubated with antibodies for polyclonal anti-α9 integrin subunit and
monoclonal anti-p75 NTR. Slides were then sealed with a mounting medium containing
DAPI. Images of cells were taken using an Olympus 1X81 fluorescence microscope with
400× magnification and the images were merged using ImageJ software. Scale bars
represent 5μm. (B) Western blot analysis of the five GBM cell lines (a. LN229, b. LN18,
c. α9LN18, d. LBC3, and e. α9LBC3) were probed with the indicated antibodies. (C)
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RT-PCR on three GBM cell lines, LN229, LN18, and α9LN18 targeting TrkA, p75 NTR,
and β-actin. (D) RT-PCR on LBC3 and PC12 cells targeting p75 NTR.
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The α9 integrin subunit and p75 NTR form a stable, cation-independent complex in
vitro
In order to evaluate the interaction of the α9 integrin subunit and p75NTR, an
ELISA assay was performed. α9β1 integrin receptor was isolated from α9LN18 cell
lysates using affinity columns coupled to either polyclonal or monoclonal (Y9A2) antiα9 integrin subunit antibodies. The isolated α9β1 integrin preparations were then
immobilized on a 96-well cell culture plate. Primary antibodies for the α9 integrin
subunit and p75NTR were then applied to the wells. Following an incubation period,
unbound primary antibody was removed and the appropriate secondary antibodies
coupled to alkaline phosphatase were applied. The intensity of the substrate bound was
detected using a Biotek Elx800 ELISA reader at 405 nm. There was a high level of antiα9 integrin subunit antibody binding in both preparation indicating that the isolation of
preparations was successful. When anti-p75NTR was added to the wells there was also a
high level of binding in both purifications. This suggests that when the α9 integrin
subunit was isolated using the affinity columns, the p75NTR receptor was isolated as well
(Figure 6A). Western blot analysis of these preparations confirmed that the purified α9
integrin preparation contained both cell surface receptors (Figure 6B). Because the α9
integrin subunit and p75NTR neurotrophin receptor co-purified from the immuno-affinity
column it suggests an interaction between the receptors.
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Figure 6. Detection of an interaction between the α9 integrin subunit and p75NTR in
isolations of α9β1 integrin purified on an immuno-affinity column. (A) ELISA of
purified α9 integrin subunit preparations. Isolates were immobilized in the wells of a 96well plate and antibodies corresponding to the α9 integrin subunit and p75NTR were
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applied. The presence of p75NTR was detected using a monoclonal antibody (clone 2693).
α9β1 integrin was detected using polyclonal anti-α9 antibody developed against the
cytoplasmic domain of the synthetic peptide for preparations obtained from a Y9A2
column and monoclonal antibody (clone Y9A2) for preparations obtained from anti-α9
integrin polyclonal antibody. (B) Western blot analysis of α9β1 integrin preparations
obtained from immuno-affinity columns as described in Figure 10A.
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A series of co-immunoprecipitation experiments were next performed to support
the hypothesis of the existence of a complex between the α9 integrin subunit and p75NTR.
Briefly, cells were grown to 80% confluency in a culture flask and lysed. 1 mg total
cellular protein was incubated with 4μL anti-p75 NTR monoclonal antibody overnight at
4ºC. The following day, G protein-sepharose beads were added to the solution which was
then incubated for an additional 4 hours at 4ºC. The solution was centrifuged to isolate
the beads from the solution. The beads were washed with PBS and were boiled in
denaturing loading buffer to detach the bound protein from the beads. The supernatant
was then run on a 10% SDS-PAGE gel and the membrane was probed with polyclonal
anti-α9 integrin antibody. Only α9LN18 demonstrated a positive signal attributed to the
α9 integrin subunit (Figure 7A). Integrins are conformationally dependent on the
presence of divalent cations to bind all their natural ligands. In order to determine
whether formation of the complex between the α9 integrin subunit and p75 NTR was also
dependent on the presence of cations, cell lysates were preincubated with EDTA for 15
minutes before they were co-immunoprecipitated to remove all cations from the integrins.
This preincubation was sufficient to abolish binding of α9β1 integrin to its ligands
VCAM-1 and VLO5 as determined through an adhesion assay (data not shown). EDTAtreated cells showed a similar pattern of co-immunoprecipitation as non-treated cells
suggesting that formation of the α9β1 integrin subunit/p75NTR complex is cation
independent.
In order to demonstrate the specificity of the co-immunoprecipitation a similar
experiment was performed using anti-α1, anti-α5, anti-β1 and anti-α4 integrin subunit
antibodies to probe the membrane following incubation of the lysates with anti-p75NTR.
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There was no signal that would be relevant to these four integrin subunits therefore
association of p75NTR appears to be specific only for α9β1 integrin (Figure 7B).
The formation of the α9 integrin subunit/p75NTR complex was further investigated
following stimulation of the cells with α9β1 integrin specific ligands. Briefly, after cells
were grown to 80% confluency and starved for 24 hours at 37ºC, they were stimulated
with various ligands for 1 hr and a co-immunoprecipitation assay was performed on each
sample as presented in Figure 7A. Only the α9LN18 cell line was used for this
experiment as it was the sole cell line expressing both receptors. As is shown in Figure
7C, NGF, VEGF, and VLO5 appeared to increase the association of α9β1 integrin with
p75NTR suggesting the importance of this complex on α9β1 integrin activity. Control
molecules, ligands that do not interact with α9β1 integrin, such as the disintegrin
echistation and fibroblast growth factor, did not enhance complex formation.
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Figure 7. Co-immunoprecipitation experiments of GBM cell lines demonstrating an α9
integrin subunit/p75NTR complex. (A) Cell lysates were incubated with anti-p75NTR
monoclonal antibody (clone 2693) overnight. G-sepharose were add to isolate the
antibody from the supernatant and the isolates were subjected to a western blot probed
with polyclonal anti-α9 integrin subunit (a. LN18, b. α9LN18, c. LBC3, d. α9LBC3, and
e. α9LN18 lysate). Experiment was repeated following a 10 minute pre-incubation with
10 mM EDTA (right). (B) Detection of α1, α2, β1, and α4 integrin subunits following
co-immunoprecipitation with anti-p75NTR similar to the experiment in Figure 7A (a.
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α1K562 IP, b. α1K562 lysate, c. α5K562 IP, d. α5K562 lysate, e. α9LN18 IP, f.
α9LN18 lysate, g. LN229 IP, and h. LN229 lysate) (C) Co-immunoprecipitation for
detection of α9 integrin subunit following stimulation of cells with different ligands (a.
untreated, b. NGF, c. VLO5, d. Echistatin, e. VEGF, f. FGF, and g. α9LN18 lysate).
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The α9 integrin subunit/p75 NTR complex is present in clinical cases of GBM tissue
GBM tissue surgically resected from patients was examined for the presence of
the α9 integrin subunit/p75NTR complex. Through immunohistochemistry studies, colocalization of the α9 integrin subunit and p75NTR was observed using double
fluorescence staining (Figure 8A). Briefly, GBM tissue was immobilized on glass slides.
Following blocking the slides they were then incubated with the appropriate primary
antibodies, as well as a fluorescently labeled secondary antibody. The GBM sample was
positive for both the α9 integrin subunit (green) and p75NTR (red) and in the merged
image it appears that the two receptors co-localized within the tissue (yellow).
The tissue was then subjected to co-immunoprecipitation to verify the α9 integrin
subunit/p75NTR complex (Figure 8B). Tissue lysates were incubated with either
monoclonal anti-p75NTR and probed with polyclonal anti-α9 integrin (left) or incubated
with anti-α9 integrin and probed with anti-p75 NTR (right). The results confirm the
immunohistochemistry results showing that not only are both receptors found in the
tissue lysate, but the α9 integrin subunit and p75 NTR form a stable complex.
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Figure 8. Detection of the α9 integrin subunit/p75NTR complex in GBM tissue. (A)
Immunohistochemistry with double fluorescence staining of GBM paraffin sections. α9
integrin subunit was detected using polyclonal antibody against the integrin (green).
p75NTR was detected using a monoclonal antibody (red). (B) Co-immunoprecipitation of
GBM tissue. Immunoprecipitation was performed using monoclonal antibody against
p75NTR and detection of α9 integrin subunit on a western blot using the polyclonal
antibody used in Figure 8A (left). Co-immunoprecipitation was performed using
monoclonal antibody against the α9 integrin subunit (clone Y9A2) and detection of
p75NTR on the western blot with a polyclonal anti-p75NTR antibody (right) (a.
immunoprecipitation results and b. total tissue lysate).
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Presence of p75 NTR enhances activity of α9β1 integrin to bind its natural ligands in
adhesion assays
In order to evaluate the affect of p75 NTR on α9β1 integrin binding to its specific
ligands, an adhesion assay was performed using two GBM cell lines transfected with the
α9 integrin subunit and two α9β1 integrin-specific ligands: NGF and VCAM-1. Briefly,
differing concentrations of the ligands, 6.25-200 μg NGF and 0.625-20μg/mL VCAM-1,
were immobilized on a 96-well cell culture plate overnight at 4ºC. The plate was then
washed and blocked with 1% BSA. Cells were labeled with 5-chloromethylfluorescein
diacetate (CMFDA) and applied to the wells. Following a 30-minute incubation at 37ºC
the plate was washed to remove non-adhered cells and bound cells remaining were lysed
using Triton-X. Fluorescence was read using a Biotek FxL 800 fluorescence reader with a
485 nm excitation filter and a 530 nm emission filter. Expression of p75NTR augments the
pro-adhesive activities of α9β1 integrin on the cell surface to NGF and VCAM-1 (Figure
9). α9LN18 cells containing both receptors were at least 2-fold more active to bind NGF
(Figure 9A) and VCAM-1 (Figure 9B) then cells expressing only α9β1 integrin
(α9LBC3).
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Figure 9. Adhesion assays using GBM cell lines transfected with the α9 integrin subunit
to NGF and VCAM-1. Differing concentrations of NGF (A) and VCAM-1 (B) were
immobilized on a 96-well plate. Cells labeled with CMFDA were applied to the wells and
adherent cells were lysed with Triton-X. Fluoresence was measured with a Biotek FxL
fluorescence reader with a 485 nm excitation filter and a 530 nm emission filter.
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Presence of p75NTR increased protective effect of NGF on cell survival following
VLO5 treatment
Previously, it has been shown that NGF exhibits a protective role against VLO5
induced morphological changes and apoptosis. To determine the impact of p75NTR
expression on NGF’s protective role, cell morphology was examined following treatment
of cells with NGF (100ng/mL) and VLO5 (1μM). Briefly, cells were plated on a 6-well
plate and grown to 60% confluency. Following a 24-hour starvation, cells were exposed
to NGF, VLO5, or NGF and VLO5 combined for 48 hours. Cells without α9β1 integrin
or p75NTR were unaffected by treatment (Figure 9). Cells expressing only p75NTR showed
a marked decrease in cell number following treatment with NGF suggesting a proapoptotic affect. In those cell lines expressing α9β1 integrin, NGF treatment lead to an
increased cell number and VLO5 led to an almost complete eradication of cells. When
both treatments were used in combination, NGF’s ability to rescue cells was evident
particularly in cells expressing both receptors.
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Figure 10. Cell morphological study with NGF and VLO5 treatment. Cells were grown to
60% confluency on a 6-well plate. Following a 24-hour starvation period, cells were
treated with NGF (100ng/mL), VLO5 (1μM), or NGF and VLO5 in combination for 48
hours. Representative images were taken with an Olympus 1X81 fluorescence
microscope at 100x magnification.
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Expression of p75 NTR increases the level of proliferation following NGF treatment
To confirm the results seen in the cell morphology assay, a live cell counting
assay was performed to evaluate the effect of NGF on cell proliferation. Briefly, 1x105
cells were seeded in a 12-well plate. After 24-hours of starvation, cells were treated with
100ng/mL NGF for 48 hours. Cell counts were preformed at 0, 24, and 48 hours. In Ln18
cells NGF treatment caused a significant decline in proliferation whereas those cells
expressing both NGF receptors, α9LN18, showed the highest level of proliferation in
response to NGF (Figure 7A).
To confirm the live cell counting assay, a BrdU assay was performed using NGF
as a stimulant. Briefly, cells were plated on a 96-well plate and grown until about 70%
confluency. Cells were serum starved for 24-hours and then treated with 100ng/mL NGF
for 24 hours. Following treatment, BrdU was performed according to the manufacture’s
protocol (Roche, Mannheim, Germany) and fluorescence was quantitated using a Biotek
Elx800 ELISA reader at 450nm. There was an α9-dependent increase in proliferation
which was enhanced by expression of p75NTR (Figure 7B). The reverse effect was seen in
LN18 cells where NGF treatment decreased proliferation.
To determine if the increase in proliferation was attributed to activation of the
pro-proliferative MAPK signaling pathway ERK1/2, a western blot analysis was run
using cell lysates following NGF treatment. In brief, cells were cultured in a 6-well
culture dish and grown until about 80% confluency. Cells were then serum starved for 24
hours and treated with 100ng/mL NGF for various time points from 0-60 minutes.
Following treatment, cell lysates were subjected to western blot and probed with antiphosphorylated ERK 1/2 and anti-total ERK 1/2. Cells without endogenous α9β1
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integrin, LN18 and LBC3 cells, had no response to NGF treatment (Figure 7C). In cells
expressing α9β1 integrin, NGF treatment activated the ERK 1/2 signaling pathway with
increased phosphorylation in cells expressing p75NTR. Results are quantitated using UNSCAN-IT gel 6.1 software in Figure 7D.
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Figure 11. p75 NTR expression increases NGF-induced proliferation in GBM cell lines.
(A) Live cell counting assay in response to NGF treatment. 1x104 cells were plated in a
12-well plate and allowed to adhere overnight. Following a 24 hour starvation period,
cells were treated with NGF (100ng/mL). At time 0, 24, and 48 hours cells were lifted
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with 5mM EDTA and counted. Error bars represent standard deviation from three
independent experiments. (B) BrdU analysis following 24-hour NGF treatment. Results
were quantitated using a Biotek Elx800 ELISA reader at 450nm. Error bars represent
standard deviation from three independent experiments. (C) Western blot analysis of
ERK 1/2 phosphorylation following NGF treatment for various time points (D) Results of
western blot analysis were quantitated using UN-SCAN-IT gel 6.1 software and
presented as increased phosphorylation when compared to the untreated cells. Error bars
represent standard deviation from three independent experiments.
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p75NTR expression increases α9β1 integrin dependent migration
Previously it has been shown that expression of α9β1 integrin promotes
transmigration of cells to NGF as a chemoattractant. A Boyden chamber assay was
performed to determine the effect of p75NTR expression on the rate of transmigration.
Briefly, VCAM-1 was immobilized on 0.8μm pore fluoroblock membrane inserts. Cells
previously labeled with calcein-AM were applied to the upper chamber and allowed to
migrate to the lower chamber containing 2% FBS and NGF as chemoattractants.
Fluorescence readings were recorded using a Biotek FxL 800 fluorescence reader with a
bottom reading option at an excitation wavelength of 485 nm using a 530 nm emission
filter. Cells expressing both α9β1 integrin and p75NTR showed a higher rate of
transmigration in response to NGF than those cells only expressing α9β1 integrin (Figure
12).
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Figure 12. Expression of p75NTR increases chemotactic transmigration in response to
NGF. Experiment was performed using a Boyden chamber with 0.8 mm fluoroblock
membranes. Cells labeled with calcein-AM were applied to the upper chamber and
DMEM with 2% FBS was applied to the lower chamber using NGF (100ng/mL) as a
chemoattractant. The plate was incubated for 24 hours at 37ºC and fluorescent readings
were measured using a fluorescence plate reader with a bottom reading option at an
excitation wavelength of 485 nm using a 530 nm emission filter every hour. Error bars
represent standard deviation from three independent experiments.
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To support the previously reported proliferation and migration assay results, a
wound-healing assay was performed to determine the influence of p75NTR expression on
GBM cell lines. Briefly, cells were grown in a 6-well cell culture plate until 100%
confluency. After a 24-hour serum starvation period, a “wound” was created in the cell
monolayer using a p200 pipette tip. After gentle washing to remove detached cells,
DMEM containing 2% FBS and NGF (100ng/mL) as a stimulant was added to the wells.
Cells were allowed to migrate for 24 hours with images being taken at regular intervals.
In the absence of NGF migration of the cells was comparable. However, with the addition
of NGF those cells expressing both the α9 integrin subunit and p75NTR healed at a
significantly faster rate; the α9LN18 cells demonstrated complete recovery by 24 hours
(Figure 13 A). Percent of wound area was quantified using U-Scan-It software (Figure 13
B).
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Figure 13. p75NTR expression increases the rate of wound healing in GBM cell lines.
Cells were grown to 100% confluency in a 6-well cell culture plate after which an
artificial “wound” was scratched into the cell monolayer using a p200 pipette tip. DMEM
containing 2% FBS was added to the wells with NGF (100ng/mL) as a proliferative and
66

migratory stimulant and images were taken at regular intervals. (A) Representative
images at 0, 12, and 24 hours. (B) Results were quantitated as a change in percentage of
area covered calculated using ImageJ. Error bars represent standard deviation from six
independent experiments.
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p75NTR expression increases spontaneous migration in vivo
To support our in vitro migratory results a quail CAM assay was performed to
examine the affect of p75NTR expression of spontaneous migration. Briefly, on embryonic
day 3 (E3) the contents of the quail eggs were transferred to a 6-well plate and incubated
until E6. On E6, α9LN18 and α9LBC3 were applied to the surface of the membrane and
allowed to grow until E12. Membranes were fixed with 4% paraformaldehyde and
removed from the embryos. Membranes were then incubated with anti-GFAP primary
antibody for 2 hours at 37ºC and Alexfluor 488 anti-rabbit secondary antibody for 1 hour
at 37ºC. Cells expressing p75NTR showed a highly infiltrative phenotype migrating away
from the site of implantation traveling along the blood vessels (Figure 14).
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Figure 14. Expression of p75NTR increases spontaneous migration of GBM cells in an in
vivo quail CAM assay. GBM cells were applied to the surface of the membrane on E6
and allowed to grow until E12 when the membranes were fixed and subjected to
immunocytochemistry probing for GFAP as a marker for human astrocytic cells. Light
images were taken using an Olympus 1X81 microscope at 20x magnification. Greyscale
and anti-GFAP images were taken using a Leica Scanning Confocal Microscope and
merged using ImageJ software. Yellow arrow head indicates the implantation site and red
box indicates the migratory area magnified with the confocal microscope.
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CHAPTER 4
DISCUSSION

It has previously been shown that expression of both the α9 integrin subunit and
p75NTR are upregulated in conjunction with an increase in the gradation of glioma, with
normal brain having a negligible amount and a significantly higher expression in GBM
[23, 55]. This combined increase in expression coupled with the recent discovery that
α9β1 integrin is a receptor for NGF lead to investigation into a hypothetical interaction
between the α9 integrin subunit and p75NTR. The first stage of my thesis was to examine
the expression levels and interactions of the receptors on the GBM cells lines that will be
used: LN229, LN18, and LBC3. Based on data from western blot and
immunocytochemical assays, it was shown that LN229 was the only GBM cell line that
naturally expresses α9β1 integrin with p75NTR, LN18 expresses only p75NTR, and LBC3
does not express either receptor (Figure 9). Due to the instability of α9β1 integrin in
vitro, the development of an artificial system is necessary, therefore LN18 and LBC3 cell
lines were stably transfected with the α9 integrin subunit. Further results demonstrated
that LN229 also expressed the NGF receptor TrkA. As TrkA forms a high affinity
receptor complex with p75NTR for NGF [61], this cell line was not used for further
experiments to remove any interfering TrkA influence on cell survival.
To determine the existence of a interaction between the α9 integrin subunit and
p75NTR, binding between the receptors was investigated in a cell-free assay. Cell lysates
were subjected to immuno-affinity chromatography using anti-α9 antibody resins to
isolate the α9 integrin subunit. These isolates were then immobilized on a 96-well plate
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and antibodies corresponding to the α9 integrin subunit and p75NTR were applied to the
wells to detect the presence of the target proteins (Figure 10A). The isolation was shown
to be successful as the anti-α9 integrin subunit antibody had high binding to the isolates.
Interestingly, anti-p75NTR also demonstrated a high binding to the isolates. This indicates
that when the α9 integrin subunit was isolated from the cell membranes p75NTR was also
isolated. The presence of both receptors was confirmed through western blot, which
demonstrated that both proteins were found within the isolation samples (Figure 10B).
This co-isolation indicated that the interaction between the two receptors was stable as it
was able to withstand the isolation process.
To investigate the activity of the complex between the α9 integrin subunit and
p75NTR, a series of co-immunoprecipitation experiments were preformed (Figure 7).
Complex formation, “cross-talk”, between integrin and growth factor receptors is well
established and co-immunoprecipitation is the leading investigatory method used to
demonstrate their association [73, 74]. During ECM-induced clustering of integrin
receptors, growth factor receptors are recruited to focal adhesion complexes leading to a
synergistic activation of their shared intracellular signaling cascades [75]. For the purpose
of my thesis, p75NTR protein was precipitated from total cell lysate using the monoclonal
antibody anti-p75NTR and the isolated sample was subjected to a western blot to detect the
presence of the α9 integrin subunit. In α9LN18 cells, the only line containing both
receptors, there was a strong association seen between the two receptors even after
treatment with EDTA. EDTA treatment of cells before co-immunoprecipitation
experiments clears the integrin binding pocket of cations, thus preventing ligand binding.
Previously isolated integrin/growth factor complexes are formed based on mutual binding
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to downstream adaptor proteins [76, 77], however the persistence of the α9 integrin
subunit/p75NTR complex without ligand activation suggests that it is dependent on a
physical association between the two receptors not downstream proteins.
The specificity of the complex was determined by examining other possible
integrin binding partners for p75NTR (Figure 7B). Representative α integrin subunits were
selected from other integrin families as possible binding partners; the α1 integrin subunit
belonging to the collagen receptors and the α5 integrin subunit belonging to the RGDbinding integrins. Western blot showed no positive result corresponding to either integrin
subunit. Most importantly, p75NTR does not form a complex with the α4 integrin subunit.
Due to the high level of homology between the α9 and α4 integrin subunits [27-29] were
p75NTR to complex with another a subunit, it would most likely be with the α4 integrin
subunit. Complex formation was also investigated to the β1 integrin subunit. The lack of
a positive co-immunoprecipitation with β1 indicates that p75NTR only associates with the
α9 integrin subunit and the formation of a integrin heterodimer is not required.
When α9LN18 cells were stimulated with α9β1 specific ligands prior to the coimmunoprecipitation experiments, there was an increase in complex formation (Figure
7C). Western blot results demonstrate that the 1 hour treatment period is not sufficient to
increase receptor expression levels (data not shown), so this increase in complex
formation may be dependent on the activation status of α9β1 integrin. Integrins exist on
the cell membrane in differential conformations based on their activation state [9, 14]. It
may be that p75NTR can bind to the α9 integrin subunit when it is in its inactive
conformation, but when the α9β1 shifts into its active form it may become more
sterically attractive to the p75NTR receptor. This would explain why complex formation
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remains but at a basal level in those cells without stimulation but increases dramatically
following treatment with α9β1 ligands.
To confirm the existence of the α9 integrin subunit/p75NTR complex in vivo, GBM
tissue was subjected to double-immunohistological staining for the α9 integrin subunit
and p75NTR (Figure 8A). There was a clear co-localization of fluoro-immuno-stained cells
suggesting a physiological role for this complex on the cell membrane in GBM.
Interestingly, though the α9 integrin subunit was expressed at a high level throughout the
tumor, the highest levels of p75NTR expression was concentrated on a subpopulation of
cells. GBM tumors are highly heterogeneous masses composed of cells with differing
receptor expression. It may be that those cells expressing the highest levels of both
receptors will have the highest survival and migration abilities. Following surgical
resection of the tumor, 95% of GBM recur within a few centimeters of the resection
margin forming satellite tumors away the original tumor site [55]. Once this reemergence
occurs, patients typically have a survival time of 25 weeks or less due the aggressive
nature of the satellite tumors and their lack of a defined margin [78]. Based on the
migration data presented later in this thesis those cells with the highest invasion abilities
may be this subset of cells with a high expression of both the α9 integrin subunit and
p75NTR.
One of the first steps in cancer metastasis is the adherence of cells to the ECM
[79]. To demonstrate this activity, adhesion assays were performed to examine the effect
of p75NTR expression on the binding abilities of cells to ligands for α9β1 integrin at
various concentrations (Figure 9). At low ligand concentrations there were not significant
differences in cellular binding between α9LN18 and α9LBC3 cells. However as the
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ligand concentration increased, binding in those cells without p75NTR was significantly
lower than those expressing the α9 integrin subunit/p75NTR complex; there was roughly a
2-fold increase in NGF binding at 100μg/mL and a roughly 1.5-fold increase in VCAM-1
binding at 10μg/mL. The increased binding activity of α9LN18 cells to NGF and
VCAM-1 has a significant impact on their ability to regulate cellular activities that are
further investigated in my thesis.
To obtain a general picture of the effect of p75NTR expression on cell survival, a
cell morphology assay was performed. LBC3 cells are not effected by treatment with
either NGF or VLO5, as they do not express either of the receptors necessary for these
ligands to bind. Stimulation of cells with NGF led to an increase in cell number in both
transfectants, though cells with the α9 integrin subunit/p75NTR complex demonstrated a
greater proliferative effect. When the cells were treated with VLO5 alone it led to
significant cell death in both transfectants, however α9LN18 cells were able to retain a
subset of cells with a normal phenotype. When NGF and VLO5 were used in
combination, the α9 integrin subunit/p75NTR complex enhanced the “rescue” of cells
from VLO5 by NGF. Interestingly, NGF treatment of LN18 cells led to a decrease in cell
survival. This data is similar to previous results demonstrating that NGF binding to
p75NTR in the absence of TrkA leads to apoptosis [56]. To support the cell survival assay,
a live cell count assay (Figure 7A) and a BrdU assay (Figure 7B) were performed. Data
from both assays demonstrate that following NGF stimulation those cells with the α9
integrin subunit/p75NTR complex showed the highest level of cellular proliferation. In
agreement with observations based on the cell survival assay, it appears that NGF
treatment causes an arrest in cell proliferation in LN18 cells. It may be that those GBM
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tumors with a less invasive phenotype may have a receptor profile similar to that of LN18
cells.
The ERK1/2 pathway has previously been associated with NGF-activated
proliferation in α9β1 positive cells [23], therefore the influence of p75NTR expression on
phosphorylation of ERK1/2 was examined for various time points of NGF stimulation
(Figure 7C). In α9LN18 cells with the α9 integrin subunit/p75NTR complex there was a
dramatic increase in ERK1/2 phosphorylation peaking at around 10 minutes of NGF
stimulation. The levels of phosphorylation remained elevated throughout the treatments
and did not return to the basal level even after 60 minutes of activation. In the α9LBC3
cells there was also an increase in ERK1/2 phosphorylation, however the increase was
not as dramatic and the phosphorylation levels returned to the basal level by the 60
minute time point. Previous studies have hypothesized that p75NTR enhances TrkA
signaling by tethering NGF molecules leading to an local increase in NGF concentration
around TrkA [65]. This may also explain the sustained phosphorylation of ERK1/2 in
cells with the α9 integrin subunit/p75NTR complex; p75NTR may be retaining NGF
molecules leading to continual α9β1 integrin stimulation.
The high recurrence of GBM is related to the highly infiltrative nature of its cells
[80]. NGF has previously been shown to induce α9-dependent migration of cells [23], so
the influence of p75NTR expression on migration in α9β1 positive cells was examined.
Using a Boyden chamber migration assay it was seen that cells lacking p75NTR had a
moderate level of migration through an immobilized VCAM-1 layer which was not
significantly increased using NGF as a chemoattractant. Cells with the α9 integrin
subunit/p75NTR complex had a higher level of migration which was exacerbated with the
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addition of NGF as a chemoattractant. Based on differential binding of the cells to
VCAM-1 seen in Figure 9, the increased binding of cells with the α9 integrin
subunit/p75NTR complex to VCAM-1 may influence this increase in transmigration.
To integrate results from my proliferation and migration assays, α9LN18 and
α9LBC3 cells were used in a wound healing assay (Figure 8). When the treatment media
was not supplemented with NGF, there wasn’t a significant difference in wound recovery
between the cell lines with neither cell line demonstrating a complete recovery by 24
hours. However, those cells with the α9 integrin subunit/p75NTR complex had a
significantly higher rate of recovery in the presence of NGF. Beginning at the 5 hour time
point α9LN18 cells showed a significantly higher percentage of recovery and a complete
reestablishment of a cellular monolayer by 24 hours. The addition of NGF appeared to
have an insignificant effect on α9LBC3 cells, as their recovery with and without NGF
stimulation was comparable.
To confirm our in vitro results examining the importance of p75NTR expression on
migration of GBM cells in vivo, a quail CAM assay was performed. Cells with the α9
integrin subunit/p75NTR complex demonstrated a higher level of spontaneous migration
away from the initial implantation site than those cells without p75NTR. Previous research
has shown that invading glioma cells migrate into the surrounding tissue on well-defined
paths byinteracting with the basement membranes of blood vessels [81]. Additionally, it
has also been seen that 90% of satellite tumors formed were associated with blood vessels
[82]. Our results correspond with the previous reports as α9LN18 cells migrated in a
perivascular manner. This migration was dependent on the presence of p75NTR as
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α9LBC3 showed a decrease in spontaneous migration and maintained an encapsulated
phenotype which did not interact with the nearby blood vessels.
A more complete understanding of the basic biology of cell survival and
migration in cancer progression is invaluable to furthering the development of effective
treatments. NGF is secreted by glioma cells in culture [83] and more recently, we
published data demonstrating that there is roughly a 3-fold increase in NGF secretion
from low to high grade glioma [23]. As NGF has been shown to stimulate cell migration
and proliferation, its oversecretion hypothetically could be directly related to the
observed increased malignancy. Defining the role of NGF in glioma progression has been
hindered by contradictory results. Previous reports have shown that when p75NTR is
expressed on the cell membrane without TrkA it leads to apoptosis through activation of
the JNK pathway [12, 50, 52-56] and caspase 1 [58], however GBM tumors lacking TrkA
are highly aggressive [12, 72]. Based on the data found in my thesis, when p75NTR is coexpressed with α9β1 integrin on GBM cells it leads to a pro-survival outcome following
NGF treatment. This newly discovered complex may demonstrate a new regulatory
system for proper functioning of cells, as well as for the development of pathological
outcomes.

Future Directions
As is common in research, answers to questions only leads to the formation of
new questions. While the data obtained in my research can be used as a starting point for
future investigations dealing with the influence of α9β1 integrin expression on GBM
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progression, it leads to new questions that will need to be answered as well as details that
need to be clarified.
While the data in this thesis demonstrates that p75NTR and theα9 integrin subunit
form a stable complex on the cell membrane, it leads to more questions about the nature
of that complex. Further research looking into the specific binding site of the α9β1
integrin with p75NTR will have to be undertaken to determine where and how the two
receptors bind. Immunoprecipitation results show that p75NTR did not form a complex
with either the α4 or α5 integrin subunits. New immunoprecipitation experiments using
hybrid integrins composed of the intercellular component of the α9 integrin subunit fused
with the extracellular component of α4 or α5 integrin subunits will determine if complex
formation is based on a binding site on the intercellular component. If the complex does
not form between p75NTR and the hybrid integrin, it stands to reason that binding is
dependent on the extracellular component. Following determination of the key integrin
component, site-mutations can be created to areas of high binding probability to further
specify the area of interest. Determination of the area of physical binding is imperative to
fully understanding the nature of the complex. This further piece of information will be
invaluable in the design of α9β1 inhibitors.
In our immunohistochemistry results using resected GBM tissue, it was seen that
though the α9 integrin subunit was expressed throughout, p75NTR expression was found
only on a subset of cells. In our lab we have developed a cell sorting technique based on
adhesion assays where cells expressing a particular receptor can be separated from those
expressing either low or negligible receptor levels. Following the sorting, cells are viable
for further use. This technique can be used to isolate those cells co-expressing both NGF
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receptors from those only expressing the α9 integrin subunit. Once those co-expressive
cells are isolated from the tumor mass, their cellular behaviors can be compared to nonadherent cells from the same tumor population. It is our hypothesis that cells expressing
high levels of both receptors would demonstrate behaviors similar to α9LN18 cells, with
a high level of proliferation and migration both spontaneous and in response to NGF.
A wound healing assay is a useful tool to integrate results from proliferation and
migration of cells. Our wound healing assay demonstrated that cells expressing both the
α9 integrin subunit and p75NTR had a complete recovery following NGF treatment, but
those cells expressing only the α9 integrin subunit did not demonstrate full recovery after
24 hours. While the differences were significant between the two cell lines, it is not clear
whether this could be attributed to the proliferative or migratory effects of NGF. To
determine the influence of each of these cellular behaviors, experiments will be repeated
inhibiting each individually to see the effect on the overall recovery. By systematically
inhibiting each influences we will be able to determine the impact of each.
In our quail CAM assay co-expression of the α9 integrin subunit and p75NTR on
the implanted cancer cells led to an increase in spontaneous migration away from the site
of implantation. The next step will be to examine the effect of NGF treatment on tumor
growth and migration. We hypothesize that while NGF stimulation will increase the size
and migratory abilities of the tumors created from both cell lines, there will be a
significantly higher impact on those cells that express both receptors. This hypothesis
will be tested by repeating the quail CAM assay with a variety of different NGF
concentrations to determine which concentration will elicite the maximal migratory
effect. Once the maximal effect of NGF is determined, the ability of VLO5 on inhibition
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of α9 integrin subunit-dependent tumor progression will be determined. We hypothesize
that not only will VLO5 decrease the migratory abilities of the cells, but it will decrease
the total tumor volume as a result of a decrease in angiogenesis. It may also be that
following inhibition of

9 1 integrin by VLO5 the cells will acquire a phenotype akin to

LN18 cells and have a negative response to NGF treatment. A positive result in this
aspect could be a vital next step in the development of new therapeutics to treat this
deadly tumor.
During the work presented in this thesis, we observed α9β1 integrin acting in a
new patho/physiological context. When the cells were unstimulated with NGF, it
appeared that the α9 integrin subunit translocated to the nucleolus of the cell; stimulation
with NGF causes the α9 integrin subunit to move to the membrane. As the nucleolus
plays a role in the production of the subunits that form the ribosomes and RNA
metabolism it may be that the a9 integrin subunit plays an unknown role during this
process. This behavior will be further elucidated to determine the purpose, if any, this
relocation has. Isolation of the nucleolus is the first step of the investigation, not only to
confirm our immunocytochemistry and immunoprecipitation observations, but also to
determine any possible binding partners within.
The major problem with studying α9β1 integrin in cell culture systems is its
ability to regress following isolation from the tissue. Therefore, recombinant expression
of the α9 integrin subunit is necessary to evaluate its activity in cell physiology. The cell
line we propagated from GBM tissue, LBC3 cells, do not express the α9 integrin subunit
or p75NTR. Thus far, we have used LBC3 cells transfected with the α9 integrin subunit
with α9LN18 cells that naturally express p75NTR. Although the results we obtained by
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comparison of the activity of α9LBC3 and α9LN18 cells are conclusive, they should be
validated using a straight system. We will develop a new cell lines to examine the
malignant characteristics of GBM by transfecting LBC3 cells with p75NTR and the α9
integrin subunit with p75NTR. The activity of these transfectants in relation to
untransfected cells may help determine the role of each receptor on increasing
malignancy. It is our hypothesis that LBC3 cells transfected with p75NTR will behave
similar to LN18 cells, showing no cell survival outcomes following NGF stimulation and
in fact demonstrating an apoptotic effect. When cells are double transfected, they should
demonstrate an activity similar to α9LN18 cells, most distinct because of the
overexpression of p75NTR. This hypothesis will be verified in the near future, because we
have successfully obtained all combinations of LBC3 transfectants including the
simultaneous transfection with the α9 integrin subunit and p75NTR (B1LBC3 cells).
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