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ABSTRACT 

 

The L1CAM cell adhesion/recognition molecule (L1CAM, CD171) and 

Fibroblast Growth Factor Receptor (FGFR) are expressed by human high-grade 

glioma cells. L1CAM is a cell adhesion molecule that has homophilic interactions as 

well as heterophilic interactions with FGFR and integrins. Our lab previously showed 

that L1CAM cleavage is associated with an increased rate of migration of glioma cells 

and this correlates with increased focal adhesion kinase (FAK) activation. FGFR 

activation via its canonical FGF ligand leads to the transmission of intercellular 

signals responsible for cell proliferation, migration and survival. It has been observed 

that FGFR1 is expressed in glioma tissues, but is absent in the normal surrounding 

brain tissue. Analyzing datasets from a wide range of clinical samples showed that 

FGFR1 is over expressed in glioma samples regardless of its grade, while there is a 

gradual increase in the expression level of ADAM10 with the progression of glioma to 

various grades. In this study I used short hairpin RNA (shRNA) and dominant-

negative approaches to inhibit the expression and activation of L1CAM and FGFR1, 

respectively. An L1-CHD peptide that inhibits L1-FGFR interaction and PD173074, a 

chemical inhibitor of FGFR1, also were used to elucidate the involvement of L1-

FGFR interactions on glioma cell behavior. Migration studies and cell cycle analyses 

showed the relevance in the contribution of L1CAM towards FGFR activation.  Also. 

L1CAM interaction with FGFR had no effect on cell proliferation on subconfluent 

cultures, while blocking L1-FGFR on confluent glioma cell decreased the S phase to 



 xvi 

43% compared to the untreated. It was also observed that L1CAM attenuated cells 

exhibited almost the same amount of reduction in migration as in cells deprived of 

FGFR signaling. While specifically blocking L1-FGFR interaction there was a 

decrease of 50% in migration rate in T98G cells compared to the control cells, and 

there was a decrease in 24% in U-118/L1LE cells compared to the control cells. This 

study showed that treatment of glioma cells through FGFR inactivation by targeting 

only its native FGF ligand might be ineffective due to a major contribution of the 

receptor activation through L1CAM. Both L1CAM and FGFR1 shutdown glioma cells 

exhibited a complete termination of cell migration in vitro. These results indicate that 

L1CAM modulates motility and proliferation of human glioma cells via signaling 

through the FGFR.  This could justify the relevance of targeting a cell adhesion 

molecule as well as a robust receptor in the treatment of malignant gliomas by 

disrupting cell invasion and growth.  
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Chapter 1 

INTRODUCTION 

The central nervous system (CNS) is considered one of the chief systems 

having the least regenerative capacity in humans. Neuronal cells lose their migratory 

tendency as they mature. A cancerous tumor that arises in the brain, overcoming its 

normal cells’ migratory and reproductive “dormant” stage, is one of the common 

cancers evading all current treatments. Could a therapy be imposed without 

compensating for both cell division and invasion of the cells into normal brain tissue? 

Would there not be more than one ‘queen’ molecule to be targeted in order to destroy 

the tumor ‘hive’? Surgery remains the primary treatment, but because some cells have 

already migrated into brain parenchyma they escape resection.  

There is no evidence for gene amplification of the fibroblast growth factor 

receptor (FGFR) associated with glioblastoma, the highest grade of glioma brain 

cancer. But alternatively, in order to increase the activity of a receptor, rather than 

increasing its production, an increase in ligand expression could saturate the receptors, 

enhancing its activation level. ADAM10 protease up regulation resulting in an 

increase in cleavage of the transmembrane protein L1CAM1, a cell adhesion molecule 

having an affinity towards FGFR and Integrins, would result in a recurrent activation 

of its receptors.  

The variety of roles, including cell migration, performed by cell adhesion 

molecules2 clearly elucidates its importance in glioma progression, where there is an 

up regulation in cleavage of L1CAM – releasing fragments into the ECM – making 
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the cells less adhesive and trigger the cellular signaling for migration. For cells to 

migrate there should be an optimal level of adhesion towards the ECM, axons or any 

other body through which they migrate. Normal glial cells expressing L1CAM have a 

strong attachment with the body onto which it is adhered. Cancerous cells release 

L1CAM, making them less adhesive, but the presence of other cell adhesion 

molecules expressed on the cell membrane will give the cells the appropriate grip to 

migrate.  

Here, I elucidate how the neural recognition molecule L1CAM (L1) 

stimulates the motility and invasiveness of GBM cells by signaling through the 

fibroblast growth factor receptor (FGFR). Elucidating mechanisms of glioma cell 

dispersal and devising strategies to block them should improve patient survival by 

allowing for more complete surgical resection. 

 

1.1  Glioma 

Glioblastoma multiforme (GBM), one of the most common type of adult 

brain cancers [1][2] [3] till date has no successful treatment. It comprises 2% of all 

diagnosed cancer, with a median survival time between 9 and 12 months. It is the most 

frequent neuroepithelial malignancy, with an adjusted incidence rate of 2.6 new cases 

per 100,000 people. Seventy percent of Glioblastoma has its origin in the frontal and 

temporal lobes and twenty percent in the parietal lobe of the brain [4]. Pathological 

characteristics of GBM include hypercellular structure, necrotic foci with peripheral 

cellular pseudopalisading (represented by arrow in Fig. 1), hypermicrovascular 

formation, and hyperchromatism.  Glioma can be classified into astrocytoma, 

ependymoma and oligodendroglioma, among which astrocytoma are the most 
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common type. The cellular origin of these tumors still remains unknown, although 

there is evidence that brain stem cells or potentially proliferating related cells are able 

to change into tumor stem cells, which form the malignant gliomas.  

Table 1  WHO grading of astrocytoma (Stiles and Rowitch)  

 

 

 

 Surgery remains the primary treatment for GBM, but because cells tend to 

migrate into brain parenchyma they escape resection. Adjuvant drug and radiation 

treatment kills most remaining cells, but resistant glioma tumor-initiating or “stem” 

cells reinitiate tumor growth [5][6][7][8][9]. Treatment strategies that target migrating 

GBM cells are critically needed [10], but mechanisms that control GBM cell dispersal 

and behavior such as perineuronal satellitosis [11] are not known. GBM has a five-
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year survival rate of an average of  <4%, which  has not improved in the past 30 years 

[12].  
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Figure 1 GBM anatomy. A) coronal section through the parietal-occipital 
junction. Arrow represents the recent hemorrhage, necrosis and 
areas of firm tissue. B) A midsagittal view of a human brain where 
glioma is represented in arrow in the dorsal pons. [A. D’Agostino, 
Good Samaritan Hospital, Portland, Orgeon. 

 

1.2  L1CAM 

1.2.1 Structure and function of L1CAM 

L1CAM (L1) is a type I transmembrane glycoprotein of about 200-220 

kDa molecular weight belonging to the immunoglobulin super family. Its extracellular 

region consists of six immunoglobulin- like domains (Ig) and five fibronectin-like 

repeats (FN) (fig. 2). The relatively short intracellular cytoplasmic domain consisting 

of 120 amino acids binds to some proteins and in turn transmits a series of 

physiological effects [13].  The long extracellular region facilitates the molecule to be 

modified by glycosylation, and in turn allows it to participate in various cell-cell 

interactions.  It is the founder member of the L1 subfamily of Ig cell adhesion 

molecules (IgCAMs) expressed in the nervous system. It is highly conserved in 

mammals with 80-90% amino acid in each of the extracellular regions, and 100% 

identity in the cytoplasmic domain in humans, rats, and mice [14].  Cell–cell adhesion 
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facilitated by this molecule is mediated through Ca2+-, Mg2+-independent homo- or 

heterophilic binding at the cell surface [15][16].   

The neuronal isoform of L1CAM is a full length protein expressed on the 

surface of neurons, especially axon growth cones.  It is formed by alternative splicing 

to contain a 12-nucleotide exon-27 encoding the amino acid sequence (RSLE) inserted 

into the cytoplasmic domain to help in recruiting the AP2-clatherin adaptor for 

endocytosis [17]. It plays a crucial role in the developing CNS, facilitating neural 

migration, neuronal survival, as well as axon outgrowth, guidance, fasciculation, 

regeneration and synaptic plasticity in brain development and neural regeneration after 

trauma [18][19][20]. The non-neuronal isoform lacks exon-2 at the protein’s N-

terminus (define) and exon-27 within the intracellular region. It is normally found in 

Schwann cells in the peripheral system, some lymphocytes, and part of the renal 

system.  

L1 is found on axon surfaces facilitating contact between axons on 

differentiated neurons. L1CAM extracellular region can be cleaved at two different 

sites and the released form of L1 gets embedded in the extracellular matrix and 

participates in cell-matrix interactions.  The cleaved products would include a 180-200 

kDa ectodomain and a 30 kDa transmembrane fragment, which would be further 

degraded by γ-secretase. Cleavage that occurs with the third FNIII domain by plasmin 

generates a 140 kDa fragment and a transmembrane 80 kDa fragment, which gets 

further cleaved to a 30 kDa transmembrane fragment. Membrane proximal L1CAM 

cleavage is mediated by ADAM10 (a disintegrin and metalloprotease) and is non-

specific.  
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The significance of L1CAM in human development comes under the 

spotlight with severe brain malformations resulting from various L1 gene mutations, 

which is categorized as L1-syndrome [17][18][22]. Several recessive neurological 

diseases including MASA (Mental retardation, Aphasia, Shuffling gait, and Adducted 

thumbs) syndrome [22], SP1 (spastic paraparesis type 1), ACC (X-linked agenesis of 

corpus callosum) and other X-linked neuronal diseases [23] are now grouped into the 

larger category of L1 syndrome. One of the most severe symptoms of L1 syndrome is 

hydrocephalus, which is caused by mutations leading to premature extracellular L1 

truncation and secretion [17][22].  

L1CAM contributes to the progression of human tumors, but the 

mechanism is still not clear. Several recent studies show that overexpression of 

L1CAM triggers cell motility and invasion of carcinoma cells on extracellular matrix 

proteins and matrigel respectively [24][25][26][27][28]. 
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Figure 2 L1CAM Schematic. L1CAM is a type-one transmembrane 
glycoprotein. It has 6 Ig domains, 5 Type III fibronectin-like repeats, a 
transmembrane region and a highly conserved cytoplasmic tail. The 
diagram is generated by Vishnu M. 
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1.2.2 Binding partners of L1CAM 

L1CAM mediates homophilic interactions as well as interactions with 

other molecules such as FGFR, other Ig-domain CAMs (such as NCAM, TAG-

1/axonin-1, and F11/contactin), two proteoglycan-type molecules (neurocan and 

phosphacan), RGD-specific integrins α5β1 and αVβ3 ), and extracellular matrix 

molecules (including laminin and certain tenascin forms). It also binds to DM-GRASP 

(another IgCAM) to promote neurite outgrowth [29].  My work is based on its 

interaction with the FGFR. As mentioned before, L1CAM itself can transmit a signal 

through its cytoplasmic domain, with its interaction with proteins such as cytoskeletal 

elements, protein kinases and a celluar protein complex that is involved in endocytosis 

and intracellular protein trafficking [30]. The cleaved L1CAM fragment in the 

intracellular region has been reported to be transported to the nucleus where it could 

act as transcriptional factor [117]. L1 interactions in cis are essential to promote 

neurite outgrowth [31]. L1CAM interaction with other molecules can be classified in 

three different modes such as: 1) membrane bound L1 interaction, 2) cleaved L1 

ectodomain sequence having an autocrine and paracrine effect, and 3) exosome 

vesicles decorated with L1CAM released from the cells.  

It is believed that cell membrane protein cannot transmit signals 

intracellularly unless these molecules gets bound to another molecule. Evidences 

suggest that L1CAM forms dimers or multi-protein dimer complexes in the membrane 

of a growth cone. L1 binding partners include FGFR, glycosylphosphatidylinositol 

(GPI)-anchored CAMs (TAG-1/axonin-1 or F3/F11/contactin), DM-GRASP, and L1 
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itself. Work published by the Doherty and Walsh group indicated the interaction of L1 

and FGFR and its involvement in neurite outgrowth. L1’s interaction with nonreceptor 

tyrosine kinase pp60c-src and L1 cis-heterodimerization with TAG-1/axonin-1 is also 

required for L1 mediated neurite outgrowth. Most of the homo and heterodimerization 

patterns have not been directly demonstrated but this idea shows that dimerization is 

common for members of the Ig superfamily in the immune system [32]. Inhibition of 

FAK, Ras, Raf and MEK impairs NCAM- and L1CAM-dependent neurite growth, 

which shows the involvement of L1CAM towards the MAP kinase signaling pathway 

[33]. 

L1 can interact with various integrin receptors stimulating cell growth 

[24]. Evidence from my lab showed the co-localization of L1 with FAK (Focal 

Adhesion Kinase) [118], however, L1 also bound to areas of glioma cell surfaces 

separate from those of FAK activation. L1 interaction with integrins triggers FAK 

activation thereby altering the focal adhesion complex turnover [60]. 

1.3  FGF Receptor 

The FGFR is a tyrosine kinase receptor with various isoforms, having 

extracellular immunoglobulin domains and an intracellular tyrosine kinase 

domain.(Fig. 3) Fibroblast growth factors  (FGFs) are its canonical ligands [35].   
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1.3.1 Structure and Function of FGFR 

 

 

Figure 3 FGFR Schematic. Fibroblast Growth Factor Receptor is comprised of 3 
extracellular immunoglobulin domains and a highly conserved 
intercellular kinase domain. The image is generated by Vishnu M.  
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 Encoded by four genes (FGFR 1-4), FGFRs exist in seven principle 

variants generated by alternative splicing in the extracellular Ig-like domain adjacent 

to the membrane. FGFR isoforms differ in their binding affinity towards the FGF 

ligands. Studies have demonstrated a significant redundancy in FGF-FGFR 

interactions with all major FGFR variants being activated by at least five FGF ligands, 

but this redundancy appears limited in vivo [34]. Heparan sulfate is a critical 

component in FGF signaling in vivo and in vitro through a strong interaction with FGF 

and facilitating an active interaction with FGFR [35].  There are seven tyrosine 

residues (Tyr463, Tyr583, Tyr585, Tyr653, Tyr654, Tyr730, and Tyr766) in the 

cytoplasmic domain of FGFR1, which serve as the substrate for phosphorylation. 

Tyr653 and Tyr654 directly contribute towards catalytic activity and signaling. Tyr766 

binds the SH2 domain of PLC ϒ. Activity of the remaining residues is not known.  

 FGFR1 is predominantly expressed on neurons while FGFR2 and 

FGFR3 are primarily on glial cells [37]. FGFR4 is mainly responsible during the early 

development and is not detectable in the adult CNS [36][37]. The individual FGFRs 

have unique expression patterns in vivo, and affect cell behavior differently in both in 

vitro and in vivo experimental models [38][39][40]. Studies comparing the signaling 

capacity among the individual FGFRs however show that they activate their 

downstream signaling in a similar fashion, with the major differences being 

quantitative [41][42]. The signaling specificity of individual FGFR type is further 

complicated by the fact that most cells express more than one FGFR variant and 

FGFRs can form active heterodimers [43]. 
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FGFR signaling regulates fundamental development pathways that control 

events such as mesoderm patterning in early embryo to the development of multiple 

organ systems [44][45]. It also has physiological roles in the adult organism, which 

include regulation of angiogenesis and wound repair.  The FGF family serve as 

important signals in the developing , adult and lesioned nervous system. FGFR 

knockout mice have been extensively used to study the significance of the receptor. 

They are expressed by a variety of tissues and regulate cell differentiation, 

proliferation and survival and this makes the receptor susceptible to be contributor for 

tumorogenesis.  

1.3.2 FGFR ligands and signaling 

 

 

Figure 4 FGFR signaling pathways. FGF Receptor activated by its FGF ligand 
can elicit various intercellular signaling pathways responsible for cell 
proliferation, migration and survival.  
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FGFRs have affinity towards a variety of molecules such as FGF (22 isoforms), 

L1CAM, N-cadherin, NCAM, and EphA [46]. The interaction with L1CAM is explained in 

detail below. EphA is another transmembrane tyrosine kinase protein containing an 

external Cys-rich domain and 2 fibronectin type III repeats, which have been 

implicated in mediating developmental events, particularly in the nervous system. N-

cadherin belongs to Type I transmembrane proteins which are involved in cell 

adhesion (Calcium-dependent) in neurons.  The synergistic activity of FGFR and N-

cadherin was shown to generate intracellular signals that promote neuronal 

growth [46][47]. 

 As shown in figure, the receptor activation leads to activation of 

signaling pathways responsible for cell proliferation, differentiation, migration and 

survival. The Tyrosine Kinase receptor undergoes dimerization when it interacts with 

its ligands. Further, through cross-phosphorylation the tyrosine residues in the 

cytoplasmic domain become activated. FGFR employs several signaling pathways in 

their downstream intracellular signaling, including ERK and p38 mitogen activated 

kinases, and phospholipase-C-gamma (PLCγ). With the exception of PLCγ that binds 

directly on the phosphorylated Y766 of the activated FGFR, FGFRs recruit their 

downstream signaling via phosphorylation of several signaling adaptors such as Gab1, 

SHB. SHC and FRS2. FRS2 plays a major role for FGFR mediated activation of ERK 

and P13K pathways [48]. Crk, an SH2/SH3-containing adaptor protein is also 

suspected to link FGFR with Shc, C3G, and Cas during the intercellular signaling. 

Tyrosine-phosphorylation-independent signaling by FGFRs also takes place which 

involves a 90 kDa phosphoprotein, SNT-1, or FRS2. It transmits signals to the 

Ras/MAPK signaling pathway. This is by recruiting Ras to FGFR complex through 
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the adaptor protein Grb-2/SoS. FRS2 can also bind protein tyrosine phosphatase Sh2. 

[49][50]. 

In summary, FGFRs mediate signal transduction in two independent 

pathways. Firstly, it utilizes an SH2-linked pathway to link FGFR with PLCγ and Crk. 

Secondly, it links to SNT1/FRS2 through an interaction at the juxtamembrane domain.  

1.4  L1-FGFR interaction 

 

 

 

Figure 5 L1–FGFR potential interaction model. FGFR binds with L1CAM 
which is     either bound to cell surface or the proteolyzed L1 ectodomain. 
Only one FGFR is shown for simplicity. The diagram was provided by 
Galileo D.S. 
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 Sequence alignment of individual L1CAM FN3 modules with various 

FGFs suggested that  four sequence motifs located in the third and fifth L1 FN3 

modules might be involved in interactions with FGFR [51]. The structure of the  FN3 

module 2 was determined by nuclear magnetic resonance(NMR) analysis, and it was 

shown to interact with the FGFR Ig module 3[52]. Using Surface Plasmon Resonance 

(SPR) analysis it was shown that NCAM FN3 modules 1 and 2 bind to FGFR Ig 

modules 2 and 3 with a 10 _M Kd, a value significant enough for an efficient binding 

between NCAM and FGFR under physiological conditions, which was confirmed by 

co-immunoprecipitation of NCAM with FGFR [52]. Immunobot assay using 

antibodies against phosphorylated tyrosine in FGFR, stimulated by FN3, proves its 

ability to activate the receptor [53].  

The CAM- homology domain (CHD) in the FGFR, which resides between 

Ig-like domains 1 and 2, interacts with the putative FGFR-CHD binding motif in the 

FNIII domain 4 of L1. This activates the tyrosine kinase domain of the FGFR and 

subsequent activation of phospholipase Cg (PLCg). PLCg then hydrolyzes 

phosphatidylinositol to generate inositol phosphate and diacyl- glycerol (DAG). DAG 

lipase converts DAG to arachidonic acid which increases Ca2+ influx through N- and 

L-type Ca2+ channels, and the local increase in Ca2+ levels activates Ca2+/calmodulin 

kinase II and probably other kinases [54].  

1.5  Dominant negative approach to shutdown receptor signaling 

A dominant negative approach has been successfully employed to shut 

down the activation of molecules especially for Tyrosine Kinase Receptors. Over-

expression of a truncated gene, devoid of the intercellular region, would prevent the 
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cross phosphorylation during the process of ligand-activated receptor dimerization. 

This process would permanently stop the cells, expressing the truncated molecule, to 

respond to signals transferred through this receptor [55]. This approach is used 

successfully to inhibit FGFR activation in several cell types. It has been shown that 

10-75 fold excess in truncated FGFR1 inhibits all wild-type responses. It can also 

inhibit the signal transduction via FGFR2 and FGFR3 as well due to 

heterodimerization [55] [56]. Truncated FGFR1 expressing oligodendrocyte 

progenitors were unable to migrate when transplanted into neonatal rat brains [93]. 
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Figure 6 Schematic diagram of Dominant-Negative FGFR1 mechanism. A) 
Wild type FGFR1 activation. Ligand binding results in receptor 
dimerization, which results in cross-phosphorylation of tyrosine residues 
in the cytoplasmic domain of the receptor. B) Expression of a truncated 
FGFR1 sequence devoid of tyrosine residues competes with the native 
receptors during ligand-activated dimerization, which leads to lack of 
cross-phosphorylation.  
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1.6  L1CAM in invasive cancer 

 

 L1CAM has been attributed with the progression of different types of 

cancer. L1CAM triggers a constant activation of β-catenin TF signaling, which is one 

the major pathways that modulates colon cancer progression [57]. In ovarian cancer, 

L1CAM expression was detected in 79% of human samples and also correlates with 

poor prognosis and metastasis [58]. L1CAM also has been identified as a novel 

marker in carcinoma progression [59].   In renal cell carcinoma, L1CAM is expressed 

in tumor tissue originating from cells that do not express L1CAM and it also correlates 

with metastasis. Gene array analysis from malignant tissue detected a higher level of 

L1CAM RNA compared with the non-malignant nervous tissue [119]. L1CAM 

expression is much more common in poorly differentiated tumors as compared to with 

the differentiated tumors [57]. My lab findings have shown that shutting down L1 in 

glioma cell lines slows down motility (migration velocity) on culture dishes and 

impeded invasion in brain [60][87]. L1CAM expression is also correlated with breast 

cancer progression [61][120]. 

 The mechanism involving L1CAM contributing towards tumorogenesis is 

through activating MAP kinase, AKT pathway and extracellular-signal-regulated 

kinase (ERK) as shown in fig. 7. This is through interaction and activating receptor 

tyrosine kinase such as FGFR, EGFR (epidermal growth factor receptor), hepatocyte 

growth factor receptor (HGFR), integrins and several other receptors as described 

before. The ectodomain released mediated by the cleavage through MMPs will have 

an autocrine and paracrine effect in stimulating cells. Also it has been shown that 

exosomal vesicles having L1CAM on its surface accelerates the process [121]. 
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Figure 7  L1-receptor interaction and signaling pathways. As a cell adhesion 
molecule, L1CAM participates in different cell interactions 
homophilically or heterophilically in tumors. Surface or cleaved L1 by 
ADAMs can cis-interact with membrane RTKs and integrins, leading to 
ERK activation. The cytoplasmic tail of L1 can be phosphorylated, or 
binds to different adaptor proteins as RanBPM or ankyrin in the 
cytoplasm to initiate signaling transduction. Through various pathways, 
L1CAM promotes cell motility and proliferation but inhibits apoptosis, 
all contributing to tumorigenesis. [adapted from 92]. 
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1.7  Contribution of FGFR in glioma and different types of cancer 

Receptor tyrosine kinase genomic alteration has been implicated in GBM 

growth. One of the receptors that is investigated as a therapeutic target includes 

Epidermal Growth Factor Receptor (EGFR). It also has been identified in 

glioblastoma that there is a low level incidence of point mutations in FGFR1 tyrosine 

kinase domain but there is no evidence for genomic amplification at the FGFR1 loci 

[62].  It has been shown that expression of FGFR1 is up-regulated in GBM compared 

with normal white matter. FGFR inactivation has been implicated with a decrease in 

glioma proliferation [99][100][63]. It has been observed in FGFR1 knock out mice 

that the tumor mass was significantly reduced and also impaired of angiogenesis 

[64][65][66]. My work would bring into highlight one of the ligands responsible for 

this proactive receptors activity and the contribution of FGFR in GBM motility in 

vitro.  

It has been recently found that Src kinase regulates activation and 

signaling dynamics of FGF receptors [67]. As shown in figure 8, the FGF Receptor 

signaling is largely tumor specific, where it can be genomic alterations that drive 

ligand-independent receptor signaling or activation through a ligand-dependent 

manner. Genetic alterations have been attributed to the progression of several 

maliganancies. FGFR1 gene amplification, mutation and translocation is observed 

among breast cancer, melanoma and stem cell leukemia respectively 

[68][69][70][71][72][73][74][75]. Gastric cancer, endometrial cancer, salivary adenoid 

cystic cancer, bladder cancer, myeloma, colon and lung adenocarcinoma are some 

other tumors which are associated with FGFR gene alterations 

[76][77][78][79][80][81][82].   
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Figure 8 Mechanisms of cancer cell signaling through FGFR. FGFR signaling 
can contribute towards cancer progression either through direct receptor 
manipulation or through changes in its ligands either in its expression 
pattern or activation. [117] 
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1.8  Hypothesis and specific aims 

  

Glioma motility and proliferation are enhanced by the autocrine effects 

of proteolyzed L1 interacting with FGFR1 

 

• Aim 1: To construct a lentiviral vector for truncated FGFR1 (ΔFGFR1)   

             and to make stably infected glioma cells 

 

• Aim 2: To determine the effect of blocking FGFR activity on glioma cell     

             proliferation and migration.  

 

• Aim 3: To determine the contribution of L1CAM-FGFR interaction on    

             glioma cell behavior 
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Chapter 2 

MATERIALS AND METHODS 

2.1  Cell lines and culture. 

Human glioma cell lines used in this study were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). T98G is a human GBM 

cell line [115]. U-118 MG is a human Grade III astrocytoma cell line [116]. 

HEK293T/17 is a human embryonic kidney cell line. All the cell lines were cultured in 

DMEM, 10% FBS, 2 mM L-glutamine, and penicillin–streptomycin and incubated in 

a humidified incubator with 37OC and 5% CO2. 

2.2  Antibodies and reagents 

UJ127 (cat. # GTX72362; Gene Tex, Irvine, CA) is a mouse monoclonal 

antibody against the human L1CAM, which recognizes the 5th fibronectin repeat 

within the ectodomain. A concentration of 0.8µg/2ml was used for western blot 

analysis. HRP-conjugated goat anti-mouse (Jackson Immunoresearch) with a 

concentration of 0.4µg/3ml was used as the secondary antibody. 

Monoclonal mouse anti-FGFR (cat. # 13-3100; Invitrogen) binds strongly 

to human and chicken FGFR1. A concentration of 4µg/2ml was used during western 

blot analysis. HRP-conjugated goat anti-mouse (Jackson Immunoresearch) with a 

concentration of 0.4µ/4ml was used as the secondary antibody. 

A peptide sequence from the CAM homology domain (CHD) of FGFR1 

was used to block L1-FGFR interaction [46]. NRMPVAPYWT is the peptide derived 
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from the CHD specific for L1. A scrambled peptide, VYMWRPTNPA, was used as 

control peptide (Genscript). The peptides were used at a concentration of 500µg/ml 

dissolved in 0.5% FBS supplemented DMEM media. 

PD173074 (CAS # 219580-11-7; Sellek, Houston, TX) is an FGFR1 

inhibitor. PD173074 specifically blocks the phosphorylation of FGFR1with an half 

maximal inhibitory concentration (IC50) value of 21.5nM [83][84] and it weakly 

inhibits PDGFR and c-Src with an IC50 of 17.6 and 19.8µM, respectively). 

Restriction enzyme BamH1 (cat # R0136S New England Biolabs)  and 

Xho1 (cat # R0146S) were used during the Lentiviral vector construction. T4 DNA 

ligase (cat # M0202S New England Biolabs) was used at concentration of .1µl per 

reaction mixture of 10 µl.  

2.3  Lentiviral vector construction. 

ΔFGFR1 sequence was obtained through PCR from the plasmid [(PNAS 

86:5449), GenBank M24637] that carries the chicken FGFR1 isoform (CEK1). The 

cek1 cDNA in pBluescript SK+ plasmid was provided by Dr. Elena Pasquale 

(Burnham Institute). The primers used are: 

Forward primer: 

5’ CGCCGCGGATCCATGTTTACCTGGAGGTGC 3’ 

Reverse primer 

5’ CCGCCGCTCGAGCAGCCTGTCCCGTGG 3’ 

 

The primers are encoded with restriction sites BamH1 and Xho1 at the 5’ 

end of the forward and the reverse primer respectively. The amplified product was run 
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on 1% agarose gel and the required band was gel purified. This constitutes the insert, 

when the sequence was double digested with BamH1 and Xho1.   

Lentiviral vector (LVV) 2605 was obtained from Dr. John Kappes (Univ. 

of Alabama, Birmingham). The MCS (Multiple Cloning Site has the sequences for 

BamHI, SpeI, BclI, NheI, MluI, XbaI, and XhoI. The vector has puromycin selection 

marker expressed from an internal ribosomal entry site (IRES). It also has the 

sequence for GFP. Double digestion using BamH1 and Xho1 was performed on the 

vector to create cohesive compatible ends.  

Ligation of the insert and the LVV was carried out at room temperature 

overnight using T4 DNA ligase. The ligated samples were transformed into 

chemically competent HB101 bacteria. Colonies were picked from LB-Amp plates 

and grown overnight. The plasmid was isolated from the bacteria using a plasmid mini 

prep kit. Miniprep DNA was double digested and run on a gel to determine insert size. 

Also the construct was run on PCR with the primers for ΔFGFR1 and the confirmed 

from DNA electrophoresis. Finally it was confirmed by DNA sequencing (GENEWIZ, 

Inc. South Plainfield, NJ). The gene product of this truncated form of FGFR will have 

only 483 amino acids in contrast to the 819 amino acids I its native form. (Figure ). 

The Empty LVV 2605 acts as negative control.  

The 1879 LVV carrying L1LE (L1CAM long ectodomain) sequence 

created by other Master’s thesis students in the Galileo lab [120] was also used for the 

study. shRNAs (Lenti Virus) targeting human L1CAM, TRCN0000063917 (cat No. 

RHS3979-97052304) and the non-target shRNA control in the vector pLKO.1 were 

obtained from the company Open Biosystems (Huntsville, AL).   
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Figure 9 Schematic diagram of LVV 2605 vector containing ΔFGFR1. The 
vector contains puromyine resistant gene and GFP which are connected 
via T2A sequence. CMV promoter facilitates constant expression.   
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Figure 10 Schematic diagram of LVV constructs A) Lentiviral vector L1LE 
(L1, 2010). B) Lentiviral vector pLKO.1 with L1shRNA from Open 
Biosystems. The viral vectors were transfected in HEK cells along with 
the packaging plasmids and envelop plasmids in order to generate the 
virus.  
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Figure 11 Native and truncated FGFR1. The native protein has 819 amino acids 
while he truncated will have only 483 amino acids.  

 

2.4  Transfection and infection 

HEK 293T cells were grown to a confluency of about 70%. Media was 

changed before transfection. Cell were transfected with the vectors, ΔFGFR1 or L1LE 

or shL1 or 2605 or 1879 or pLKO.1, along with helper plasmid pCMVΔR8.2 and the 
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envelope plasmid pMD.G in the proportion of 4:3:1 (20µg:15µg:5µg for cells for a 

10cm dish). CaPO4 transfection protocol used was modified from the procedure of 

Chen and Okayama, 1987 [85]. Plasmids were added to 500µl of CaCl2 (0.25 M), and 

500 µl of 2X BBS (pH 7.01) was added drop wise. The precipitate formed after 12 

minutes were added to 293T cells. Fresh media was replaced the next day. Cells were 

allowed to recover for 24-48 hours before collecting media containing the virus . The 

supernatant was collected and filtered through 0.45 µm filter. The viral supernatant 

was added to the cell line to be stably transfected. Polybrene was added at a 

concentration of 10 µg/ml while the  

supernatant was added for infection. Cells were incubated overnight and fresh media 

was added the next day. The cells were selected for puromycin with an initial 

concentration of 1 µg/ml and finally raising to 10 µg/ml during the subsequent days. 

  

2.5  Western Blots 

 Cells on culture dishes were rinsed with TBS (Tris-Buffered Saline) 

and solubilized in RIPA (Radioimmunoprecipitation Assay Buffer) lysis buffer with 

Complete Mini Protease Inhibitor (Roche # 04 693 159 001) for 2-3 minutes, keeping 

the plates on ice.  The cells were scraped using cell scrapers and lysates were clarified 

by sonication (vial containing lysate were kept on ice while sonicating). 

Protein quantification was performed using the BCA Assay (Thermo 

Scientific). Equal amounts of 20-30 µg of protein was used to load lanes on the gel.  

The samples were prepared by adding NuPage 4X LDS sample buffer (Invitrogen) and 

NuPage 10X reducing agent (Invitrogen) and heated to boiling temperature for 10 

minutes. The samples were centrifuged before loading them on NuPage 4-12% 
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gradient polyacrylamide gels (Invitrogen) along with protein ladders (Magic Mark XP 

or See Blue Plus 2 prestained standard, Invitrogen). A potential difference of 120 

Volts DC was maintained while running the gel. NuPage MOPS running buffer 

(Invitrogen) was used.  

 Polyvinylidene fluoride (PVDF) membrane (0.45 µm, Invitrogen) was 

used for western transfer and was carried out at 4OC at 30 Volts overnight. 5% nonfat 

dry milk or 3% Bovine Serum Albumin (BSA), dissolved in Tris-Buffered Saline with 

0.01% Tween 20 was used as the blocking reagent. The blots were incubated in 

primary antibody for 1 hour at room temperature and washed three times with 

TBS/Tween 20 for 15 minutes each. After incubating the membrane in HRP-

conjugated secondary antibody for 45-60 minutes, it was washed three times 

TBS/Tween 20 and incubated with the substrate (Pierce® ECL Western Blotting 

Substrate # 32106) for 1 minute. The blots were exposed to Blue Basic Autorad Film 

(ISC Bioexpress, Kensville, UT) in a dark room at various time intervals.         

2.6  Collection of L1LE Conditioned medium 

 U-118/L1LE cells were used to collect L1LE-rich media. 80% confluent 

plates were washed with PBS three times and then replaced with 8 ml DMEM 

supplemented with 0.5% FBS. After 24 hours the media was collected and filtered 

through 0.45µm filters .  

2.7  Cell Count 

Cell cultures were split the previous day to 10% confluency. 10 random 

spots were selected and marked using an Object Marker (Nikon TMS inverted phase 

contrast microscope). Cell cultures were rinsed with PBS three times before the media 
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was changed to DMEM containing 0.5% FBS. After 6 hours the first cell count was 

taken. The cell count was again performed 24 hours after the first cell count was taken. 

The average of the ratio of the number of cells on Day2/Day1 was statistically 

analyzed and plotted.  

 

2.8  Cell Cycle Analysis 

 Cells were rinsed with PBS and incubated with 2ml of 0.05% trypsin 

for 3-5min at 37°C. Cells were transferred to a 15 ml tube and 2ml of Soybean Trysin 

Inhibitor/DNAse I. The tube was centrifuged at 800 rpm for 3 minutes at room 

temperature. The pellet was resuspended in 500 µl PBS and 4.5 ml 70% ethanol and 

stored at -20oC overnight to 2 days. Cells were centrifuged for 5 minutes at 800 rpm 

and the pellet was resuspended in 5ml PBS. Cells were again centrifuged and the 

pellet was resuspended in 1 ml DNA staining solution (200µg/ml of DNAse free 

RNAse A and 20µg/ml Propidium Iodide in PBS). After the cells were incubated for 

30 minutes at room temperature in the dark, they were transferred to a FACS tube and 

analyzed with a Becton Dickinson FACSCalibur Flow Cytometer. The percentage of 

cells in different cell cycle stages was determined using ModFit LT TM software. 
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2.9  Time-lapse microscopy for Cell Motility  

 

 

Figure 12 Components of the custom fully automated time-lapse microscopy 
system. 1) Fully automated Nikon TE-2000E with epifluorescence, 2) 
incubator chamber, 3) WPI temperature controller, 4) Tokai Hit stage 
insert warmer controller, 5) Prior ProScan II flat-top automated stage, 6) 
Prior stage controller, 7) Photometrics CoolSNAP ES CCD camera, 8) 
custom 3GHz computer with 2 gigabytes of RAM, 2 hard drives, dual 
monitors, and MetaMorph Premier software, 9) uninterruptible power 
supply capable of running entire system. Out of view is CO2 injection 
system connected to incubator chamber via tubing (Fotos et al., 2006). 
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Cell motility analyses of T98G, T98G/shL1, T98G/pLKO.1, 

T98G/∆FGFR1, T98G/2605, T98G/shL1/∆FGFR1, T98G/pLKO.1/2605, U118, 

U118/L1LE, U118/1879, U118/∆FGFR1, and U-118/2605 were performed as 

previously described [86][87]. Confluent cells, grown in 60 mm dishes were 

“wounded” by introducing scratches using a sterile plastic 1ml pipettor tip. 0.5% 

serum-containing DMEM media was added after the cells were rinsed three times with 

HBSS (Hank’s balanced salt solution). For inhibitor blocking experiments, the 

appropriate amount of substance was added to the plates along with the media. After 6 

hours, cultures were placed into a custom culture chamber mounted on a ProScan II 

automated stage (Prior Scientific, Rockland, MA) on a Nikon TE-2000E microscope. 

Temperature was maintained at 37oC by a combination of a warm air temperature 

controller (Air Therm, World Precision Instruments, Sarasota, FL) and thermoelectric 

warming with an optically clear temperature controlled stage insert (Tokai Hit, 

Shizuoka-ken, Japan). 5% CO2/95% air was maintained inside the chamber using a 

gas injection controller (Forma Scientific, Marietta, OH). A CoolSnap ES CCD 

camera (Photometrics, Tucson, AZ) was used to capture images over the course of the 

experiment using a Nikon Plan Fluor 10X ELWD objective at areas of interest on each 

plate for approximately 24h. Phase contrast images were collected at 10 minutes 

intervals. The system was controlled using MetaMorph Premier Software (Molecular 

Devices Corporation, Downingtown, PA).  
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2.10  Analysis of cell motility data 

 

Quantitative analysis of cell motility was performed on acquired 

sequential phase contrast images using the MetaMorph software "Track Points" 

feature with nucleoli serving as imaging targets. The resolution of images was 

converted to 800 X 600 dpi using XnView software. Movies also were made from the 

stack of images collected every 10 minutes. 25-30 cells per treatment were randomly 

selected for tracking the position using ‘Track Points’ tab in MetaMorph software. The 

paths of different cells were displayed, and the tracking data collected included the 

velocity, distance and time, which were stored in an excel datasheet for further 

analysis (e.g. average velocity) [86].   

 

2.11 In vivo Chick Embryonic Brain Microinjection 

Cells were trypsinized and suspended in cell growth media with 30% 

Matrigel (Becton Dickinson). The cell density for injection was 2.9 X104cells/ml. 

Fertile White Leghorn chicken embryos were obtained from the University of 

Delaware Department of Animal and Food Sciences. Eggs were incubated in a 

humidified forced-draft incubator at 37.5°C. On embryonic day 5 (E5), chick 

embryonic OT (optic tecta, midbrains) were injected with T98G cells. The 

experimental procedure was detailed previously [88]. Briefly, a small window was cut 

over the air space at the top end of the eggs and approximately 10 µl of cell suspension 

(*105 cells) was microinjected into the OT using a PV830 pneumatic picopump 
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(World Precision Instruments; Sara- sota, FL). After injection, sterile ampicillin was 

added over the embryo, the window in the egg shell was sealed with transparent tape, 

and the embryo was placed back into the egg incubator until E9. 

At E9, the embryos were sacrificed and brains were dissected. E9 chick 

embryo tecta were fixed in 2% paraformaldehyde in PBS for 2 h, rinsed in PBS and 

cryoprotected in 30% sucrose overnight. The next day, tecta were embedded in Tissue 

Freezing Media (cat. # H-TFM; Triangle Biomedical Sciences, Durham, NC) before 

being sectioned at 10 µm. The cryosections were used for immunostaining for L1. The 

dissected E9 chick brains also were fixed in 2% paraformaldehyde in PBS overnight 

and the next day were embedded in 3.5% agar and 8% sucrose in PBS and sectioned at 

200 µm using a Vibratome Series 1000 Sectioning System (Ted Pella, Redding, CA) 

for observation using a Nikon SMZ-1500 zoom stereomicro- scope equipped with 

epifluorescence attachment and Tucsen color CCD camera (Tucsen Image Technology 

Inc., Fuzhou, FuJian, China) and for confocal microscopy observation. 

 

2.12  Statistical Methods 

Data presented are mean ± SEM of at least three repeats. Student′s t-test 

was used to analyze difference between two groups. ANOVA was used when more 

than two groups were involved, and then Student’s t-test was further applied to 

analyze difference between groups. * or #, P < 0.05 was considered as significant; **, 

P < 0.01. 
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Chapter 3 

RESULTS 

T98G and U118 cells were engineered to create the following cell lines as 

mentioned in table 2.  

Table 2 Stable cell lines created through Lentiviral vector infection  

 

 

 

3.1  Characterization of FGFR1, L1CAMand ADAM10 in glioma tissues 

To determine the L1CAM expression level in glioma surgical samples, I 

used Oncomine (http:// www.oncomine.org) to examine microarray results obtained 

by Sun et al. [98] on patients with different stages of glioma. As shown in Figure 13, 

COPA outlier analysis on mRNA levels of 19,574 measured genes from 81 
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glioblastoma samples and 23 normal brain samples identified FGFR1 among the top 

7% genes that are over-expressed, ranking it 3818 at 75th percentile and 2078 at the 

95th percentile threshold. The resultant graph clearly shows the increase in the 

expression level of FGFR1 in all the glioblastoma regardless of the grade compared to 

the normal brain tissue. With the same dataset, when the gene expression profile for 

ADAM10 was analyzed based on glioma grade, there was a gradual increase in the 

expression level of ADAM10 from grade II to the maximum expression at grade IV 

(Figure 14). With the same dataset, when the expression profile of L1CAM was 

analyzed, the data showed a decrease in the expression level of L1CAM as the glioma 

progresses from Grade II to Grade IV (Figure 15).  

These analyses suggest that FGFR1 may play a role in glioma progression. 

The decrease in L1CAM and increase in ADAM10 correlated with the glioma 

progression could be due to facilitate less adhesion and more cleaving of cell adhesion 

molecules, which would act as an effective ligand for glioma activity.  
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Figure 13 Characterization of FGFR1 expression in glioma. ONCOMINE gene 
microarray database was explored for FGFR1 gene expression in glioma 
and the results of Sun et al. [98] were displayed by different stages. 
There was a 1.433-fold increase in the expression level, ranking FGFR1 
1295 as  top 7% genes over expressed among 19,574 measured genes on 
mRNA level (http://www.oncomine.org/). Each box represents multiple 
samples from one class. The stars on the top and the bottom of each bar 
represents the maximum and minimum value respectively. Each bar 
displays 90th, 75th, median, 25th and 10th percentile values.  
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Figure 14 Characterization of ADAM10 expression in glioma. ONCOMINE 
gene microarray database was explored for ADAM10  gene 
expression in glioma  and the results of Sun et al. [98] were 
displayed by different stages. (http://www.oncomine.org/). Each box 
represents multiple samples from one class. The stars on the top and the 
bottom of each bar represents the maximum and minimum value 
respectively. Each bar displays 90th, 75th, median, 25th and 10th 
percentile values. 
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Figure 15 Characterization of L1CAM expression in glioma. ONCOMINE 
gene microarray database was explored for L1CAM  gene 
expression in glioma  and the results of Sun et al. [98] were 
displayed by different stages. (http://www.oncomine.org/). Each box 
represents multiple samples from one class. The stars on the top and the 
bottom of each bar represents the maximum and minimum value 
respectively. Each bar displays 90th, 75th, median, 25th and 10th 
percentile values. 
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3.2 Ectopic L1 ectodomain expression results in increased cell migration and 
invasion 

3.2.1 Creation of stable cell lines of U118 expressing L1CAM 

Grade III glioma cell line U-118 MG in its native form does not express 

detectable L1 protein (Yang 2011). Ectopic L1 (L1LE) expressing U-118 (U-

118/L1LE) was created by infecting cells with an L1LE sequence incorporated 

retroviral vector (1879). The control cell lines U-118/1879 were created by infecting 

U-118 with the empty vector 1879. Western blot performed using UJ127 showed the 

presence of L1LE expressed by the cells at around 200-220 kDa (Fig 16). β-Actin 

was used as the internal loading control, which is a housekeeping protein 

present in presumably equal amount in the entire cells. The antibody for β-

Actin produces a band of about 42 kDa.  

3.2.2 Super Scratch assay 

 A Super Scratch assay [86] was performed in order to quantify the motility difference 

between U-118/L1ED and U-118/1879. It was conducted over 24 hours taking images 

every 10 minutes. 30 cells were tracked using ‘Track Points’ feature in MetaMorph 

software. The velocity of each cell was converted to microns/minute. The overall 

average velocity of each cell was calculated and plotted. There was an approximately 

69% increase in motility for U-118 cells expressing L1LE (Fig. 17) The value 

obtained was statistically compared using students T Test and the P value obtained 

was less than 0.001, which shows that the data obtained was statistically significant. 

This shows that cells when they start expressing L1 tend to increase its motility. 
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Figure 16 L1LE expression on U-118 cells infected with L1LE lentiviral 
vector. U-118/L1LE and U-118/1879 cell extracts were probed against 
UJ127 antibody. β actin housekeeping protein was used as a loading 
control. 
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Figure 17 L1LE expression increased U-118 cell motility.                                 
The overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values for the two populations of cells. U18/1879 cell velocity 
was 0.151 µm/min. and U-118/L1LE cell velocity was 0.255 µm/min. *, 
p<<0.001 in comparison with the average cell velocity of control cell. 
The results are the mean + s.e.m. performed in triplicate.  
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Figure 18 Cell motility images of U-118/L1LE and U-118/1879. Scratch was 
made after media was replaced to 0.5% FBS containing DMEM. Images 
were captured every 10 minutes over a time interval of 24 hours.  

 

3.3  L1 increases the rate of proliferation of glioma cells 

Cell count and cell cycle analyses of propidium iodide stained cells were 

employed to examine the rate of proliferation of glioma cells. T98G and U-118 ells 

were manipulated to attenuate and overexpress L1 respectively. 

3.3.1  Creation of L1-attenuated T98G glioma cell 

T98G/shL1 (L1 short hairpin RNA) cells were created by infecting T98G 

cells with a lentiviral vector carrying the shRNA for L1. Western blot and 

immunostaining analyses with anti-L1 antibodies analyzed through FACS confirmed 
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the inhibition of L1 expression. Control cell line, T98G/pLKO.1, was created by 

infecting T98G cells with the empty vector pLKO.1. UJ127 antibody staining of 

western blots showed the absence of the band near 220 kDa corresponding to that of 

L1CAM compared to the control cell line, T98G/pLKO.1. This shows that shRNA 

employed to knockdown L1 expression in T98G completely eliminates its expression. 

β-Actin was used as the loading control. The antibody for β-Actin produces a 

band of about 42 kDa (Fig. 19). 

  

Figure 19 L1 expression on T98G cells infected with L1-targeting shRNA 
lentiviral vector.                                                                           
T98G/shL1 and T98G/pLKO.1 cell extracts were probed using UJ127 
antibody. β actin is the housekeeping protein used as loading control. 
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3.3.2 Cell count to determine cell proliferation 

T98G/pLKO.1 and T98G/shL1 or U-118/L1LE and U-118/1879 cells 

were used for this analysis. The media was changed to DMEM containing 0.5% FBS 

and the first cell count was taken after 6 hours. Subsequent cell count was taken after 

30 hours. Ratio of cell count on each spot of day 2 by day 1 was determined and the 

overall average ratio was plotted.  T98G/shL1 exhibited a 41% decrease in cell count 

compared with T98G/pLKO.1 control cells. U-118/L1LE cells showed a 47% increase 

in cell proliferation rate compared to control cells. The value obtained was statistically 

compared using students T Test and the P value obtained was less than 0.05, which 

shows that the data obtained was statistically significant (Fig. 20-21).  
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Figure 20 Overall average cell count on day2/day1 for U-118/1879 cells vs. U-
118/L1LE.                                                                                        Ratio 
of cell count over ten spots on two consecutive days was determined and 
plotted. U-118/1879 cell count ratio was 1.311 and U-118/L1LE cell 
count r. *, p<<0.001 in comparison with the average cell count ratio of 
control cell. The results are the mean + s.e.m. performed in triplicate.  
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Figure 21 Overall average cell count on day2/day1 for T98G/pLKO.1 cells vs. 
T98G/shL1.                                                                                        
Ratio of cell count over ten spots on two consecutive days was 
determined and plotted. T98G/shL1 cell count ratio was 2.931 and 
T98G/pLKO.1 cell count ratio was 1.723. *, p<0.01 in comparison with 
the average cell count ratio of control cell. The results are the mean + 
s.e.m. performed in triplicate.  
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3.3.3 FACS analysis to determine cell cycle 

Cells grown in DMEM containing 0.5% FBS were trypsinised, fixed and 

stained with propidium iodide. Cells were analyzed using FACS (flow cytometry) to 

determine DNA content. Cell cycle data was then analyzed in ModFit LT TM that 

differentiates the DNA content graph into the different cell cycle phases. Taking S 

phase into account for considering the proliferation rate of the cells, T98G/shL1 had 

only 12.4% s-phase while L1-expressing T98G/pLKO.1 had 23.3% s-phase. U-118 

/L1LE had an 27.8% s-phase while U-118/1879, which does not make L1, had only 

13.9% s-phase. Each analysis was carried out at least three times. The mean values of 

the percentage of s-phase between T98G/shL1 and T98G/pLKO.1 or U-118/1879 and 

U-118/L1LE was then statistically evaluated using Student’s T test and the P value 

was found to be less than 0.05% (Fig. 22) (Fig. 23).     
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Figure 22 Cell cycle histogram of U-118/1879 and U-118/L1LE cells. Cells 
analyzed by flow cytometry and the percentage of cells in different cell 
cycle stages was determined using ModFit LT TM. Histograms show 
relative DNA content (x axis) versus cell number (y axis). A) Cell cycle 
histogram of U-118/1879 cells B) cell cycle histogram of U-118/L1LE 
cells.  
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Figure 23 Cell cycle histogram of T98G/pLKO.1 and T98G/shL1 cells. Cells 
analyzed by flow cytometry and the percentage of cells in different cell 
cycle stages was determined using ModFit LT TM. Histograms show 
relative DNA content (x axis) versus cell number (y axis). A) Cell cycle 
histogram of T98G/pLKO.1 cells with an s-phase of 23.275% B) cell 
cycle histogram of T98G/shL1 cells with an s-phase of 12.41%. 
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Table 3 Effect of L1CAM on cell cycle of glioma cells. Values are determined 
by taking the average of percentage of cells at different phases of 
multiple experiments ±  s.e.m.  
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Figure 24 Quantitative data of cell cycle distribution in U-118/1879 and U-
118/L1LE cells. *, p < 0.05 in comparison with s-phase of control. The 
results are the mean + s.e.m. performed in triplicate.  
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Figure 25 Quantitative data of cell cycle distribution in T98G/pLKO.1 and 
T98G/shL1 cells. *, p < 0.05 in comparison with s-phase of control. The 
results are the mean + s.e.m. performed in triplicate. 

3.4  FGFR1 inhibitor PD173074 affects glioma cell behavior in a dose 
dependent manner 

Since L1 was found to have an effect on glioma cell migration and 

proliferation (previous 2 results), and L1 has an affinity for FGFR, I used PD173074 

to see the contribution of FGFR1 in glioma progression. Migration rate and cell cycle 

analysis was determined using the SuperScratch Assay and propidium iodide staining 

respectively on T98G and U-118 cells treated with 50 nM, 100 nM or 1000 nM of 

PD173074.  
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3.4.1 Effect of PD173074 on glioma cell migration  

 PD173074 specifically blocks the phosphorylation of FGFR1 with a half 

maximal inhibitory concentration (IC50) value of 21.5 nM. T98G and U-118 cells 

were washed three times with PBS and media was replaced with DMEM containing 

0.5% FBS. Plates were then taken for time-lapse analysis for 24 hours, where images 

were taken every 10 minutes. I used 50 nM, 100 nM and 1000 nM of PD173074 to 

determine its effect on cell migration at levels specific to FGFR1 and beyond.  

 T98G cells treated with 50 nM of the inhibitor resulted in an 

approximately 43% reduction in migration rate compared to DMSO treated control 

cells. 50 nM and100 nM drug treated cells did not have a significant difference in their 

rate of migration between each other, while cells treated with 1000 nM had a an 

approximate 77% reduction in migration rate (Fig. 26).  

 U-118 cells treated with 50 nM or 100 nM of the inhibitor resulted in only 

an approximately  25% reduction in migration, while 1000 nM treated cells had 55% 

reduction in migration rate (Fig. 27). Cells treated with 50 nM did not show a 

difference in migration rate when compared to cells treated with 100 nM. With the 

inhibitor treatment at 50 nM or 1000 nM, T98G cells, which make their L1 and FGFR 

had a higher reduction in migration rate than U-118 cells, which do not express L1 

although it make FGFR. 
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Figure 26 PD173074 decreased T98G cell motility at doses specific for FGFR1 
inhibition.                                                                                                 
The overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values for the two populations of cells. T98G cells incubated with 
50 nM of PD173074 had  velocity of  0.172 µm/min, T98G cells 
incubated with 100 nM of PD173074 had  velocity of  0.101 µm/min, 
T98G control cells  had  velocity of 0.1 µm/min. *,p<<0.001 in 
comparison with the velocity of control cells. The results are the mean + 
s.e.m. performed in triplicate.  
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Figure 27 PD173074 decreased U-118 cell motility at doses specific for FGFR1 
inhibition.                                                                                                 
The overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values. U-118 cells incubated with 50 nM of PD173074 had  
velocity of  0.147 µm/min, U-118 cells incubated with 100 nM of 
PD173074 had  velocity of  0.155 µm/min, U-118 control cells  had  
velocity of 0.192 µm/min. *,p<<0.001 in comparison with the velocity 
of control cell. The results are the mean + s.e.m. performed in triplicate.  
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3.4.2 Effect of PD173074 on glioma cell cycle 

Cells grown in DMEM containing 0.5% FBS was trypsinized, fixed and 

stained with propidium iodide as described. Cells were analyzed using FACS. Cell 

cycle data was then quantified in ModFit LT TM that differentiates the graph into the 

different cell cycle phases. Taking s-phase into account for considering the 

proliferation rate of the cells, T98G cells incubated with 50nM PD173074 had an s-

phase fraction of  only 23.8 percent while T98G control cells incubated with DMSO 

had 40.0 percent s-phase. Thus, there was a decrease of approximately 40% in the s-

phase fraction in T98G cells incubated with PD173074 at a concentration specific for 

FGFR1. 

U-118 incubated with PD173074 had 17.8 percent s-phase fraction while 

U-118 control cells incubated with DMSO had 23.1 percent s-phase. This was a 

decrease of approximately 22% in U-118 cells incubated with PD173074. Each 

analysis was carried out at least three times. The mean values of the percentage of s-

phase between the cells were then statistically evaluated using student T test and the P 

value was found to be less than 0.05% (Table 3).     
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Table 4 Effect of PD173074 on cell cycle fractions of glioma cells. Values 
were determined by taking the means of percentages of cells at different 
phases of multiple experiments ±  s.e.m.  

 

 

3.5  Construction of glioma cell lines expressing truncated FGFR1 

 

To investigate the role of FGFR1 on glioma cells, I made T98G/dnFGFR1 

and U-118/dnFGFR1, which are the stable cell lines of T98G and U-118 expressing 

truncated FGFR (ΔFGFR) respectively. The ΔFGFR sequence was amplified and 

inserted into the lentiviral vector Lvv.2605. Supernatants containing the ΔFGFR virus 

were freshly harvested after 293T transfection, and used to infect plain T98G and U-

118 cells. Puromycin selection on those infected cells were performed to establish 

stable cells constitutively expressing ΔFGFR, having a dominant negative effect on 

the native FGF receptors and therefore shutting down the activation of the receptor. 

Figure shows the expression of  ΔFGFR in T98G/ΔFGFR and U-118/ΔFGFR cell 
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lines. T98G/2605 and U-118/2605 are the control cells infected with empty vector 

Lvv.2605. A mouse monoclonal antibody having affinity towards the extracellular 

domain of FGFR1 was used and the band corresponding to nearly 54 kDa represents 

the translated form of the truncated FGFR1 sequence. Native form of the FGFR1 was 

seen on the blot at around 110 kDa (not shown).  An antibody against β-actin was used 

as the loading control. The antibody for β-actin produces a band of about 42 kDa 

(Fig. 28).  

 

 

Figure 28 ΔFGFR1 expression on glioma cells infected with ΔFGFR1 lentiviral 
vector.                                                                                     A) 
T98G/ΔFGFR1 and T98G/2605 cell extracts were probed using an anti-
FGFR1 monoclonal antibody. β-actin is the housekeeping protein used 
as loading control B) U-118/ΔFGFR1 and U-118/2605 cell extracts were 
probed using the anti-FGFR1 monoclonal antibody. β-actin is the 
housekeeping protein used as loading control 
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3.6  Inactivation of FGFR reduces glioma cell proliferation 

3.6.1 Cell count to determine the cell proliferation 

Glioma cells infected with the different vectors were counted to determine cell 

proliferation.  At least 10 spots were selected and the first cell count was taken after 6 

hours. Subsequent cell count was taken after 30 hours. The ratio of cells counted on 

each spot of day 2 divided by day 1 was determined and the overall average ratio was 

plotted.  T98G/ΔFGFR exhibited an approximate 57% decrease in cell count ratio 

compared with T98G/2605 control cells.  The value obtained was statistically 

compared using student’s T test and the P value obtained was less than 0.05, which 

shows that the data obtained was statistically significant 

 U-118/ΔFGFR and U-118/2605 cells also were analyzed similarly. U-

118/ΔFGFR showed an approximate 23% decrease in cell proliferation rate (ratio). 

The value obtained was statistically compared using student’s T test and the P value 

obtained was less than 0.05, which shows that the data obtained was statistically 

significant.  These data show that both T98G and U-118 cells require FGFR signaling 

for stimulation of proliferation, but that this requirement is greater in T98G cells that 

express L1CAM (Fig. 29). 
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Figure 29 Overall average cell count on day2/day1 for glioma cells lacking 
FGFR signalling.                   
Ratio of cell count over ten spots on two consecutive days were 
determined and plotted. A) T98G/ ΔFGFR1 cell count ratio was 3.2 and 
T98G/2605 cell count ratio was 1.4. *,p<<0.001 in comparison with the 
cell count ratio of control cell. The results are the mean + s.e.m. 
performed in triplicate.. B) U-118/ΔFGFR1 cell count ratio was 1.0 and 
U-118/2605 cell count ratio was 1.3. *,p<0.01 in comparison with the 
velocity of control cell. The results are the mean + s.e.m. performed in 
triplicate.   
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3.6.2 FACS analysis of cell cycle fractions 

The second method used to determine potential differences in cell 

proliferation was a cell cycle analysis of DNA content. Cells were grown in DMEM 

containing 0.5% FBS, trypsinised, fixed and stained with propidium iodide. Cells were 

analyzed using FACS for DNA content. Cell cycle fractions were then quantified 

using ModFit LT TM that differentiates the graph into the different cell cycle phases. 

Taking s-phase into account for considering the proliferation rate of the cells, 

T98G/ΔFGFR were 12.3 percent while T98G/2605 were 22.7 percent s-phase (Fig. 

30).  

U-118/ΔFGFR had 18.3 percent s-phase while U-118/2605 had 24.4 

percent s-phase. Each analysis was carried out at least three times. The mean values of 

the percentage of s-phase between T98G/ΔFGFR and T98G/2605 or U-118/ΔFGFR 

and U-118/2605 was then statistically evaluated using Student’s T test and the P value 

was found to be less than 0.05 (Fig. 31).   
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Figure 30 Cell cycle histogram of T98G/2605 and T98G/ΔFGFR cells. Cells 
were analyzed by flow cytometry and the percentage of cells in different 
cell cycle stages was determined using ModFit LT TM. Histograms show 
relative DNA content (x axis) versus cell number (y axis). 

 

Figure 31 Cell cycle histogram of U-118/1879 and U-118/ΔFGFR cells. Cells 
were analyzed by flow cytometry and the percentage of cells in different 
cell cycle stages was determined using ModFit LT TM. Histograms show 
relative DNA content (x axis) versus cell number (y axis). 
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Table 5 Percentage of cells at different cell cycle phases of glioma cells 
expressing truncated FGFR1 and its control cells. Values are 
determined by taking the average of percentage of cells at different 
phases of multiple experiments ±  s.e.m  
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Figure 32 Quantitative data of cell cycle distribution in U-118/2605 and U-118/ 
ΔFGFR cells. *, p < 0.05 in comparison with s-phase of control. The 
results are the mean + s.e.m. performed in triplicate. 
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Figure 33 Quantitative data of cell cycle distribution in T98G/2605 and T98G/ 
ΔFGFR cells. *, p < 0.05 in comparison with s-phase of control. The 
results are the mean + s.e.m. performed in triplicate 

 

3.7  Cells expressing truncated FGFR1 exhibit reduced the migration  

 

A SuperScratch assay was performed in order to quantify the potential motility 

difference between T98G/ΔFGFR and T98G/2605. It was conducted over 24 hours 

taking images every 10 minutes. 30 cells were tracked using ‘Track Points’ feature in 

MetaMorph software. The velocity of each cell was converted to microns/minute. The 
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overall average velocity of each cell type was calculated and plotted. There was an 

approximate 75% decrease in motility for T98G/ΔFGFR cells compared to 

T98G/2605 cells. The values obtained were compared using Student’s T Test and the 

P value obtained was less than 0.05, which shows that the difference was statistically 

significant. The rate of migration of U-118/ΔFGFR and U-118/2605 cells also were 

compared. There was a decrease of approximately 27% in motility rate between these 

cell types, and a Student’s T Test comparison revealed the P value obtained was less 

than 0.05, which shows that the differences were significant (Fig. 34). 
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Figure 34 FGFR signaling attenuation decreased T98G cell motility.             
The overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values for the two populations of cells. T98G/ΔFGFR1 cell 
velocity was 0.067µm/min and T98G/2605 cell velocity was 0.202 
µm/min. *, p < <0.001 in comparison with the average velocity of 
control cell. The results are the mean + s.e.m. performed in triplicate 
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Figure 35 Cell track images of  T98G/2605 and T98G/ΔFGFR1 cell.                 
Shown is the first image collected during the time-lapse experiment of 
T98G/2605 and T98G/ΔFGFR1 cells. The red lines are a series of red 
Xs that denote the position of the cells that were analyzed through each 
subsequent time-lapse image. Thus, the ends of the red lines in the 
wound denote the extent of each tracked cell’s path at the end of the 
experiment. 
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Figure 36 FGFR signaling attenuation decreased U-118 cell motility.             
The overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values for the two populations of cells. U-118/ΔFGFR1 cell 
velocity was 0.141µm/min and U-118/2605 cell velocity was 0.193 
µm/min. *, p < <0.05 in comparison with the average velocity of control 
cell. The results are the mean + s.e.m. performed in triplicate. 

 

3.8  L1-FGFR interaction plays a vital role in glioma migration and 
proliferation 

 L1 and FGFR have been shown in the previous sections to have 

significant contribution on glioma cell migration and proliferation. In this section, I 

have elucidated the effect of L1-FGFR interaction specifically in glioma cell behavior. 

In order to do that, an FGFR-CHD peptide was used, which presumably binds to L1 

and blocks its interaction with FGFRs.  



 
 

73 

3.8.1 Effect of FGFR CHD peptide on glioma migration 

3.8.1.1 Effect of FGFR CHD peptide on T98G cell motility 
 

 The rate of migration of T98G cells incubated with FGFR-CHD peptide 

(peptide A) was compared to T98G cells incubated with scrambled peptide using the 

SuperScratch assay. Cells were washed three times with PBS and media was replaced 

with DMEM containing 0.5% FBS. Plates were then taken for timelapse analysis for 

24 hours, where images were acquired every 10 minutes. After 24 hours the cells were 

tracked. Analysis showed that T98G cells incubated with the FGFR-CHD peptide had 

a nearly 50% reduction in migration rate compared to the cells incubated with 

scrambled peptide (Fig. 37). 

 

 

3.8.1.2 Effect of FGFR CHD peptide on U118 cell motility 
 

The rate of migration of U-118/L1LE cells incubated with FGFR-CHD peptide 

(peptide A) was compared with U-118/L1LE cells incubated with scrambled peptide 

usingthe SuperScratch assay. Cells were washed three times with PBS and media was 

replaced with DMEM containing 0.5% FBS. Plates were then taken for timelapse 

analysis for 24 hours, where images were acquired every 10 minutes. After 24 hours 

the cells were tracked. Analysis revealed that U-118 cells incubated with FGFR-CHD 

peptide had a nearly 24% reduction in migration rate compared to the cells incubated 

with the scrambled peptide.  
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 U-118/1879 cells also were incubated with peptide A or the scrambled 

peptide and the rate of migration was not affected. (Fig. 38)   

 

 

Figure 37 FGFR-CHD peptide decreased T98G cell migration rate. The overall 
average velocities were calculated using all individual cell velocities 
collected during the course of the experiment and graphed as single 
values for the two populations of cells. T98G cell incubated with 
scrambled peptide had an average cell velocity of 0.383 µm/min and 
T98G cells incubated with FGFR-CHD peptide had an average cell 
velocity of 0.209 µm/min. *, p < <0.001 in comparison with the average 
velocity of control cell. The results are the mean + s.e.m. performed in 
triplicate. Scram pep and Pep A refers to scrambled peptide and FGFR-
CHD peptide respectively.  
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Figure 38 FGFR-CHD peptide decreases U-118/L1LE cell migration rate. The 
overall average velocities were calculated using all individual cell 
velocities collected during the course of the experiment and graphed as 
single values for the two populations of cells. U-118/1879 incubated 
with scrambled peptide or FGFR-CHD peptide did not have a significant 
difference in their rate of migration. U-118/L1LE cells incubated with 
scrambled peptide had an average cell velocity of 0.258 µm/min and U-
118 cells incubated with FGFR-CHD peptide had an average cell 
velocity of 0.193 µm/min. *, p < <0.001 in comparison with the average 
velocity of control cell. The results are the mean + s.e.m. performed in 
triplicate. Scram pep and Pep A refers to scrambled peptide and FGFR-
CHD peptide respectively.  
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3.8.2 Effect of FGFR CHD peptide on glioma cell cycle 

 

Cells grown in DMEM containing 0.5% FBS was trypsinized, fixed and 

stained with propidium iodide as described. Cells were analyzed using FACS. Cell 

cycle data was then quantified in ModFit LT TM that differentiates the graph into the 

different cell cycle phases. This experiment was carried out in two different 

conditions: 1) confluent cells incubated with the peptide 2) non confluent cells 

incubated with the peptide. Surprisingly, when the T98G and U-118/L1LE cells were 

incubated with the peptide when they were not in confluent stage, there was no 

difference in the S phase between cells incubated with the FGFR-CHD peptide and 

scrambled peptide for both T98G and U-118/L1LE cells (data not shown). This 

experiment was repeated three times and was consistent.  

Confluent U-118/L1E and U-118/1879 cells were incubated with peptide 

A or scrambled peptide and the cell cycle data was analyzed. U-118/1879 had 14.9% 

s-phase, U-118/1879 incubated with scrambled peptide had 13.3%, and U-118/1879 

incubated with peptide A had 13.5% s-phase. Thus, there seems to be no difference in 

the s-phase among these cells when they do not express L1 and, hence, the peptide has 

no blocking effect. However, U-118/L1LE had an s-phase of 29.4%, U-118/l1LE 

incubated with the scrambled peptide had 26.2% s-phase, and U-118/L1LE cells 

incubated with peptide A had a reduced s-phase of 14.9%.  This reduced value is close 

to the s-phase of U-118 cells that do not express L1 (Fig. 39) (Table 5). Since T98G 

cells attains G0 phase when they become confluent [115], the effect of peptide on 

confluent T98G cells cannot be determined. 
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Table 6 Percentage of cells at different cell cycle phases of U-118/L1LE and 
U-118/1879 cells incubated with peptide.  

 

 

 

Figure 39 Cell cycle histogram of U-118/1879 and U-118/L1LE cells incubated 
with scrambled peptide and FGFR-CHD peptide. Cells wereanalyzed 
by flow cytometry and the percentage of cells in different cell cycle 
stages was determined using ModFit LT TM. Histograms show relative 
DNA content (x axis) versus cell number (y axis). 
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3.9  Disruption of both L1 and FGFR activity has a drastic reduction in 
glioma cell migration 

 

The rate of migration of T98G/shL1/ΔFGFR cells were compared with 

that of T98G/pLKO.1/2605 cells using the SuperScratch assay. Cells were washed 

three times with PBS and media was replaced with DMEM containing 0.5% FBS. 

Plates were then taken for timelapse analysis for 24 hours, and images were taken at a 

time interval of 10 minutes. After 24 hours the cells were tracked. It was observed that 

T98G/shL1/ΔFGFR had nearly 95% reduction in migration rate compared to that of its 

control cell line that expresses both L1 and FGFR. Thus, when both the L1 and FGFR 

signaling systems are attenuated, these glioma cells were virtually stopped in their 

tracks (Fig. 40).  
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Figure 40 Cell track images of T98G/pLKO.1/2605 and T98G/shL1/ΔFGFR1 
cells. Shown are the first images collected during the time-lapse 
experiment of T98G/pLKO.1/2605 and T98G/shL1/ΔFGFR1 cells. The 
red lines are a series of red “Xs” that denote the position of the cells that 
were analyzed through each subsequent time-lapse image. Thus, the 
ends of the red lines in the wound denote the extent of each tracked 
cell’s path at the end of the experiment.  
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CHAPTER 4 

DISCUSSION 

Interactions between L1CAM and FGFRs and its implications in neurite 

outgrowth led me to investigate the effect of this interaction in glioma progression.  L1 

plays a crucial role during central and peripheral nervous system development, 

facilitating neuronal migration, neuronal survival, as well as axon outgrowth, 

guidance, fasciculation, and regeneration. But it also has been studied to be correlated 

with different kinds of cancers such as, breast, melanoma, lung, colon and ovarian 

cancer. The aggressiveness of the cancer and bad prognosis is correlated with the 

expression of L1CAM in several cancers. Overexpression of growth factors or its 

receptors have been implicated with the dawn of a variety of human cancers. Even 

though FGFR has been observed to affect tumor size in glioma [64][65][66], the role 

of FGFR in glioma cell migration and the mechanism underling the activation of the 

receptor has not been shown until now. The effects shown here of L1-FGFR 

interaction in playing a crucial role in glioma migration shows that multiple ligands 

can cause receptor activation, even though FGF has been proposed as the crucial 

factor for its activation [63][64].  

 

4.1 L1CAM plays a crucial role in glioma proliferation and migration 

 L1CAM is correlated with the aggressiveness of different types of cancer. 

Previous studies in our lab has shown the proteolysis of L1CAM and its subsequent 

release. The reason for increased expression of L1CAM can be explained by 
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considering the characteristics of L1CAM, for what makes the molecule unique from 

the rest of its family. Cells make strong contact with the environment through 

heterophilic binding with other cell adhesion molecules such as cadherins, which is a 

Ca
2+ dependent binding molecule. While L1CAM do not require helper ions for 

interaction, and they contribute more towards the mobility of cells in the niche rather 

than sticking tendency [90]. This process could be supplementing the glioma cells in 

processing its immortal nature, thus taking that into consideration, Our lab [118] has 

shown that L1CAM attenuation leads to approximately 60% reduction in migration 

rate of T98G cells, which probably is due to decreased focal complex turnover [60].  

Also, the invasion study carried out in the chick brain showed that T98G cells with 

attenuated L1CAM were completely retarded from migrating into the brain 

paranchyma. Also I have shown that making a glioma cell line ectopically express 

L1CAM made them highly motile in vitro. There was a 69% increase in migration rate 

of U-118/L1LE compared to that of U-118/1879. I also examined if L1CAM had any 

effect on glioma cell proliferation. Studies performed by Bao et.al [5] suggested an 

effect of L1CAM on glioma stem cell proliferation. They have shown that glioma 

stem cells whose L1 expression is knocked down using short hairpin RNA had a 

reduced tumor size invivo. They did not, however, characterize its role in proliferation 

rate and cell cycle regulation.    

 I used two different misexpression strategies in order to determine the 

effect of L1CAM on cell proliferation: 1) by shutting down L1 expression, through 

shRNA interference, from a cell line which makes L1CAM in full-length form and 

proteolyzes it to release a long ectodomain (T98G) and 2) by making a cell line 

express L1CAM ectodomain which does not express it (U-118). As expected, both cell 
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lines expressing L1CAM exhibited higher rates of proliferation compared to the cell 

lines that did not express L1CAM, as determined by cell counts. T98G/shL1 exhibited 

a 41% decrease in rate of proliferation compared to T98G/pLKO.1. U-118/L1LE 

exhibited a 47% increase in the rate of proliferation compared to U-118/1879. In order 

to avoid the contribution of molecules from the serum supplement to mask or interfere 

with effects of L1 on proliferation, the cells were grown in 0.5% serum-containing 

media while the rate was determined.  

 Cell cycle data obtained though FACS analysis of propidium iodide 

stained cells also correlates with the data obtained through cell counts. The percentage 

s-phase of T98G/shL1 was drastically reduced to approximately 12% compared to that 

of T98G/pLKO.1 that had approximately 23% s-phase. U-118 cells also displayed the 

same effect where, U-118/L1LE had approximately 27% s-phase while U-118/1879 

had only 13% s-phase. Measurement of s-phase by this method allowed me to 

accurately predict the percentage of cells undergoing active division under different 

conditions of L1 expression.  However, since L1 signaling could occur through 

integrins [24] as well as L1 interaction with FGFRs [46], the net effect observed could 

be the because of interactions with both receptors. 

 The soluble L1 released after proteolysis from glioma cell surfaces (e.g. 

T98G) can bind with the similar fashion as cell-surface L1 with integrins such as  

αvβ3, αvβ5, [54][24] through its RGD motif on the sixth Ig domain. L1 on the cell 

surface, in its homo – or multi—dimer form recruits integrins to form focal complexes. 

Even after cleavage this interaction is unaffected. This interaction could occur either in an 

autocrine or paracrine manner. This leads to the transmission of signaling molecules such 

as FAK and Src, which further leads to the recruitment of cytoskeleton proteins such as 
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Ras1 and cdc42 GTPases [91] and regulating actin assembly and cell elongation. My work 

would further open a new signaling pathway involved in cancer progression, namely one 

which is transmitted through the FGFR.  

 

 

4.2 L1 plays a crucial role in FGFR activation in Glioma cells.  

 

  FGFRs have been associated with various cancer progression. I have 

analyzed datasets of clinical samples and found that FGFR1 expression levels were 

elevated in glioma tumors compared to the normal brain tissue samples [figure]. 

FGFR1 is in the top 7% of genes that are overexpressed in glioblastoma out of 19,574 

genes analyzed. When the expression levels were compared among different grades of 

glioma, there was not a significant difference between them. When the expression 

level of FGFR2, the FGFR expressed by normal glia, was analyzed in the clinical 

sample datasets, glioblastoma (Grade IV) exhibited an under-expression in its level 

compared to the normal brain tissue (data not shown). This data correlates with 

previous findings that showed there is expression of FGFR1 in glioma tissues while 

FGFR2 was absent [63][99].  FGFR1 inactivation has been implicated with a 

reduction in tumor size [64][65]. There has been no evidence indicating a role of 

FGFRs in glioma migration. Two approaches have been used to study the effect of 

FGFR in glioma progression. The dominant-negative strategy has been used for 

decades to impede the activation of receptors.  PD173074, FGFR1 inhibitor drug has 

also been used to block the receptor activity.   
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 Datasets analyzed from clinical samples shows that there is a gradual 

increase in the expression profile for ADAM10 protease, which cleaves L1, from 

grade II to Grade IV of glioma cells. But the expression profile for L1CAM on 

different grade showed a decrease in the expression profile of L1CAM as glioma 

progresses.. Since glial cells endogenously do not express L1CAM, the presence of 

L1CAM on glioblastoma tissues is abnormal. Increased expression of the L1CAM cell 

adhesion molecule would normally result in the tumor cells tending to adhere with 

each other and with their environment. But as glioma progresses the decrease in 

l1CAM expression could be due to facilitate glioma cells to less actively stick with the 

cells and o increase their tendency to migrate. However, since the glioma cells 

overexpress the protease ADAM 10, this cleaves the surface L1CAM and stimulates 

motility and proliferation, partially through FGFRs.  

 I created a lentiviral vector that carries a sequence for the truncated form 

of chicken FGFR1 (cek1). Human and chicken FGFR1 amino acid sequences were 

aligned and the results showed more than 96% identity.  Therefore, truncated chicken 

FGFR1 can be used efficiently to knock down the receptor in human cell lines. The 

dominant-negative strategy is highly effective in averting the intercellular signaling 

through the receptor since the activation of the receptor is through cross 

phosphorylation of ligand bound receptors. Also, if the receptor can under go hetero-

dimerization, it can efficiently stop the activity of other isoforms as well.  It has been 

shown that a 10-80 fold increase in the expression of truncated form of FGF1 can 

interfere with other isoforms of FGFR, which includes FGFR2, FGFR3, and thereby 

inhibiting the signaling through the entire FGF receptor family [53][55]. Figure 27 

shows the expression of the truncated form of the protein.     
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 It has been previously shown that FGF regulates glioma cell proliferation 

[54]. Cell proliferation data shows that T98G cells expressing truncated FGFR1 had a 

57% reduced cell count compared to T98G cells having functional FGFRs. This data 

is consistent with the cell cycle analysis that showed the s-phase of T98G/ΔFGFR was 

only 12.33% while T98G/2605 had a higher percentage of 22.69%. This is a clear 

indication that much of the signaling necessary in T98G cells for cell division is 

occurring through FGF receptors. But the outcome for U-118 cells were slightly 

different. The cell count for U-118/ΔFGFR had only a reduction of 23% compared to 

U-118/2605 cells and this data was supported by the cell cycle data, which showed 

that the s-phase was reduced from 24.44% to 18.25%. This shows that control of cell 

proliferation of U-118 cells is less dependent on FGFR signaling compared to that of 

T98G cells.  It may be that more signaling for cell proliferation occurs through 

integrin receptors. 

 Glioma cells incubated with PD173074 at a concentration specific to 

inhibit FGFR1 also had decreased glioma cell proliferation. T98G cells had a decrease 

of 41%, whereas U-118 had only a decrease of 23% in cell proliferation rate [Table 4]. 

Since the decrease in proliferation using PD173074 and dominant negative approach 

were similar, FGFR1 could be the vital molecule in regulating glioma cell 

proliferation among the four family member receptors. Glioma cells expressing 

ΔFGFR when xenografted in immunodeficient mice exhibited a decrease in tumor size 

[64].  

 Glioma cells expressing truncated FGFR1 displayed a drastic decrease in 

migration rate. T98G/ΔFGFR had a decrease of 65% compared to T98G/2605, while 

U-118/ΔFGFR had a decrease of 27% compared to U-118/2605 cells. This data was 
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consistent when migration was determined for glioma cells incubated with PD173074. 

Since there was not a complete termination of migration and proliferation there has to 

be some other major signalling even taking place through the glioma cells, which is 

likely to be integrins.  

 FGF has been studied to have a growth promoting effect on glioma cells 

in a dose dependent manner and further studies implicated that the signaling occurs 

through the MAP kinase pathway rather than PI3kinase/AKT.  This is also correlated 

with decreased expression of G1-S transition regulating protein such as cyclin D1, 

cyclin D2 and CDK4. SiRNA against FGFR1 has also been implicated to have a 

reduction in glioma cell proliferation [63]. Inhibiting the FGF pathway reduced GBM 

cell growth [101][102]. PD173074 decreased c-MYC levels especially after 72 hours 

of incubation. Role of c-MYC to induce glioma growth was demonstrated in 

transgenic mice [104[105]. PD173074 is also found to inhibit breast cancer cell 

growth [106].  

 The previous data shows the effect of L1 on GBM cell proliferation. U-

118 did not display the as large of a reduction in cell proliferation compared to T98G 

cells. L1-attenuated T98G cells (T98G/ΔFGFR1) displayed a decrease in cell 

proliferation rate and migration. What could be the contribution of L1 in FGFR 

activation? The solution can be found by determining the rate of migration and 

proliferation through interfering with L1-FGFR interaction specifically. In order to 

block the L1-FGFR interaction specifically, I used a peptide derived from the CAM 

Homology Domain (CHD) of FGFR1. FGFR-CHD peptide has been used previously 

to determine the effect of CAMs signaling via FGF receptors in neurite outgrowth of 

cerebellar neurons [47]. By using the peptide they found that there was more than 90% 
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decrease in neurite outgrowth. When I used the peptide derived from CHD specific to 

L1CAM interaction with FGFR, there was a significant effect on glioma cell migration 

but not on proliferation. T98G cells, when incubated with the peptide, had a decrease 

of approximately 48% in migration rate compared to the rate of migration of T98G 

cells incubated with scrambled peptide. U-118 cells did not show any effect on its 

migratory effect when incubated with the peptide. The reason is obviously due to U-

118’s lack of endogenous L1CAM expression, due to which there is no blocking effect 

of the peptide. But when the peptide was used against U-118/L1LE cells, there was a 

reduction of 20% in migratory rate compared to U-118/L1LE cells incubated with 

scrambled peptide. This data clearly show that the disruption of L1-FGFR interaction 

had a negative impact on glioma cell migration when the cells express L1. In other 

words, L1-FGFR interaction contributes towards glioma cell motility, since most 

glioma cells express L1. This could be due to the activation of Src pathway and the 

MAP kinase pathway via p38 [94][95][96][97]. 

 The FGFR-L1 interaction blocking CHD peptide did not have any effect 

on glioma cell proliferation when the cells were subconfluent. But, there was a 

reduction of 43% in the % S phase of confluent U-118/L1LE cells incubated with the 

peptide. Since T98G cells attains G0 phase at their confluent state, the effect of the 

peptide cannot be determined. This would likely be due to the different mechanism or 

receptor activation that controls the rate of proliferation of glioma cells which is 

dependent on its confluency. This observation has not been recorded previously in 

glioma cells. This could mean that the rate of proliferation of glioma cells in a tumor 

mass, equivalent to its confluent state, might signal through FGFR. But when the cells 

detach from the tumor and tend to migrate, L1-FGFR interaction might facilitate its 
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migration rather than proliferation. This hypothesis is supported by studies conducted 

on various FGF ligands having different effects on FGFR. It has been shown 

previously that FGF signals for cell proliferation and migration occur through different 

pathways [113][114]. aFGF has been found to have different activity depending on the 

confluency of the culture. On subconfluent cultures, it promoted Epithelial to 

Mesenchymal Transition (EMT) and growth arrest, but in confluent cultures it only 

stimulated DNA synthesis [113].  

 A cell migration analysis was performed on T98G cells infected with shL1 

and truncated FGFR1. Blocking both L1 and FGFRs completely abrogated cell 

migration. But when L1-conditioned media was added back onto the cells, migration 

was partially, but significantly, restored. This could mean that L1CAM stimulates 

migration not only through FGFR but also some other receptor. Integrins have been 

shown to be another vital receptor for transmitting signals through L1 activation 

[24][54]. Since the “double negative” cells (T98G/shL1/ΔFGFR1) did not have their 

migration rate completely restored, this is also evidence for the contribution of another 

receptor (i.e. integrins) towards T98G cell migration. This is consistent with our 

previous findings that integrins are involved with L1-mediated migration of T98G 

cells [60].  

 T98G/shL1/ΔFGFR1 cells were grown in 1% serum containing media and 

after 30 hours it was replaced with 10% serum containing media. After 12 hours of 

incubation, no cells were found to be alive. While T98G/2605, T98GΔFGFR1, 

T98GshL1, T98G/plko.1, T98G/shL1/2605, T98G/plko.1/2605 cells were found to be 

surviving. This effect was observed multiple times (data not shown). This shows that 
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both L1 and FGFR activity could contribute towards a sustained cell survival signal in 

T98G cells even though it was not conclusive.  

 Evidence shows that the up regulation of various growth factors and their 

receptors are correlated with several neoplasms. EGFR amplification is reported in 30-

40% of human glioblastoma [106]. Increased cellularity and vascularity characterized 

by glioblastoma validates the requirement for an increased expression of growth factor 

receptors. Even though evidence shows that there is no gene amplification of FGFRs, 

the overexpression could be due to a generalized response of many cell types to 

neoplastic transformation [107]. My study shows that regardless of genetic 

amplification, a receptor (i.e. FGFR) can play a vital role in controlling cancer cell 

phenotype. This increased expression level of FGFR1 could maintain the constant 

proliferative and migratory state of high-grade glioma cells.  

 Although FGF has been thought to be the vital molecule in glioma cells 

for activating FGFR [64][108], the role of L1CAM has not been elucidated until now. 

This study not only shows the significance of L1-FGFR interaction on proliferation, 

but also on migration. Angiogenesis previously was found to be inhibited in ΔFGFR 

expressing cells [64]. However, knocking out FGF1, FGF2, or FGF8 did not retard 

embryonic vascular development even though FGFR was shown to be a vital molecule 

[109][100][111]. If some of the major canonical ligands of FGFR are not responsible 

for this process, it could be because of other FGFR ligands such as L1CAM.   
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CONCLUSION 

  

 -L1CAM is extensively expressed in glioma tumor tissues as determined from 

the datasets from a wide range of clinical samples.  

 

-L1CAM controls the rate of proliferation of glioma cells significantly. 

 

-Induced expression of L1CAM in glioma cells increases their rate of     

  migration. 

 

-FGFR1 is over-expressed in glioma tumor tissues regardless of the the grade.  

 

-FGFR inactivation through a dominant negative strategy retards glioma cell 

migration. 

 -FGFR1 inhibitor PD173074 also decreased glioma cell migration . 

 

-FGFR1 contributes significantly towards the rate of proliferation of glioma 

cells. 

 

-L1-FGFR interaction contributes towards glioma cell migration. 

 

-L1-FGFR blocking does not affect proliferation of glioma cells when they are 

not confluent. 
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-Blocking L1-FGFR interaction decreases U-118/L1LE cell proliferation when 

they are confluent.  

 

-L1 induced migration of glioma cells also occurs through other pathways 

independent of FGFR activation. 

 

-Attenuation of L1CAM and inactivation of FGFR completely abrogates  

  glioma cell migration.  
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Figure 41 Model. An upregulation of cleavage of  L1CAM results in binding with 
FGFR, which translates intercellular signal for migration. While shutting 
down the expression of L1CAM and inactivating the FGF receptors 
results in complete termination of migration.  
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