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Abstract 

Fer is a ubiquitously expressed non-receptor protein-tyrosine kinase that regulates normal 

physiology through signaling in a variety of cell types.  Fer signals downstream of growth factor receptors 

frequently activated or amplified in human cancers and Fer has been identified as a positive regulator of 

cancer progression in the prostate and liver.  Epidermal growth factor (EGF) receptor (EGFR) is 

frequently activated due to gene amplification or gain-of-function mutations in non-small cell lung 

carcinomas (NSCLC) leading to aggressive tumours that frequently metastasize.  Since EGFR activates 

Fer, I tested whether Fer participates in EGFR-driven NSCLC cell migration, tumour progression and 

metastasis.  Here, I show that Fer is expressed in cell lines derived from both normal lung epithelia and 

NSCLC and is activated following EGF treatment of NSCLC cells.  To probe Fer function we used a 

lentiviral shRNA system to achieve stable knock-down (KD) of Fer in H1299 cells.  Compared to control 

cells, Fer KD cells displayed a significant reduction in EGF-induced cell migration and invasion which 

correlated with reduced phosphorylation of the guanine nucleotide exchange factor Vav2.  Consistent 

with Vav2 phosphorylation promoting Rac activation, we observed reduced localization of active, GTP-

bound Rac1 to the leading edge of Fer KD cells treated with EGF.  Tumour xenograft experiments were 

performed to test the role of Fer in NSCLC tumour progression and metastasis in immune compromised 

mice.  Growth of primary tumours was normal, despite efficient Fer silencing in vivo.  Interestingly, fewer 

spontaneous lung metastases were observed from subcutaneous Fer KD tumours compared to control.  

However, no differences were observed in lung seeding efficiency in experimental metastasis assays, 

suggesting that Fer may play a role in early stages of metastasis.  Together, this study identifies Fer as a 

potential new therapeutic target for the treatment of EGFR-driven lung cancer metastasis.   
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Chapter 1 

Introduction 

1.1 Lung Cancer Prevalence, Pathways and Treatments 

 Lung cancer is the 2nd most commonly diagnosed form of cancer in Canada and accounts 

for over 200,000 deaths each year making it the leading cause of all Canadian cancer deaths (1).  

While an increase of public awareness of the link between cigarette smoke and lung cancer has 

reduced the incidence of lung cancer, the overall survival of lung cancer remains low at a current 

five-year survival rate of only 15%. 

The two most prevalent histological types of lung cancer are non-small cell lung 

carcinoma (NSCLC) and small cell lung carcinoma (SCLC), which account for 80% and 17% of 

lung cancers respectively.  NSCLC can be further stratified into three types: 

squamous/epidermoid, large-cell carcinomas and adenocarcinomas, with adenocarcinomas 

making up greater than 50% of all NSCLC cases.  NSCLC and SCLC are believed to originate 

from different cell types and have different driving mutations.  SCLC arises from clara 

neuroendocrine cells and is experimentally replicated by knocking out p53 and RB in mice (2).  

NSCLC, on the other hand, is derived from epithelial cells and is linked to alterations in 

Epidermal growth factor receptor (EGFR), KRAS and MAPK pathways.  EGFR overexpression 

or mutation occurs in 56% and 14% of all adenocarcinoma cases, respectively, while KRAS 

mutations account for 17% of the adenocarcinoma cases (3; 4).  EGFR and KRAS mutations are 

mutually exclusive and mutation status can dictate treatment since EGFR targeting drugs are 

ineffective against KRAS driven NSCLC (5).  A number of less common driving mutations have 

been identified in NSCLC adenocarcinomas as well.  Mutations to BRAF are less common but 

account for 3% of adenocarcinoma cases (6; 7).  A cytosolic tyrosine kinase fusion protein called 
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EML4-ALK has recently been identified as an oncogene in 5% of all adenocarcinoma cases 

(Figure 1-1) (8).  Loss of tumour suppressors is also very common in NSCLC; mutations to RB 

and NF1 are found in 10% of cases, while p53 mutations are present in upwards of half of all 

cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

 

 

 

 

 

 

Figure 1-1. Driving mutations in NSCLC. 

Mutations to EGFR, Her2, PI3K, Ras, Raf and AKT are commonly observed in NSCLC.  The 

frequency of each driving mutations in NSCLC are represented here.  Adapted from Pao and 

Girard (2011) (9). 
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Lung cancer is highly metastatic in nature, which contributes to the high rates of 

reoccurrence.  In this process malignant cells from the primary tumour must migrate and invade 

surrounding tissue to escape the primary site.  Intravastion requires these cells to activate proteins 

capable of degrading the extra cellular matrix (ECM), such as matrix metalloproteinases (MMP), 

at cell structures characteristic of invasion such as invadopodia.  Escape through the basement 

membrane allows metastatic cells to disseminate through a blood vessel or the lymph system 

(10).  While it is believed that only a small fraction of metastatic lung cancer cells are capable of 

surviving in the circulation, at least some can extravasate into other tissues to seed and proliferate 

at distant sites.  The adrenal glands, the liver, or different areas of the lungs are frequent sites for 

secondary tumours in lung cancer (11) (Figure 1-2). 
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Figure 1-2. Metastatic processes in NSCLC. 

Metastasis is a multistep process where cancer cells escape the primary tumour to seed distal 

secondary sites.  Metastatic cells must first intravasate by migrating towards the basement 

membrane and degrading the ECM to gain access to the circulatory system or lymph system.  The 

metastatic cells are then carried by these systems until they lodge in the capillaries beds of 

suitable secondary sites and extravasate into the tissue.  The adrenal glands, liver and lungs are 

common sites for metastasis in NSCLC.  Adapted from Schroeder et al. (2012) (12). 
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When localized to the primary site the conventional and most effective treatment for lung 

cancer is surgical removal.  However, lung cancers are frequently detected after metastasis and 

the success of current standard platinum-based doublet chemotherapeutic treatments of advanced 

or recurrent NSCLC is unsatisfactory. The advent of molecular targeted therapies has resulted in 

the clinical use of small molecule inhibitors or humanized targeted antibodies.  The standard 

treatment for stage IV EGFR positive patients is combination chemotherapies with EGFR 

targeting small molecule inhibitor (eg. Gefitinib).  Crizotinib, a small molecule inhibitor 

developed to inhibit the EML4-ALK fusion protein, has recently been approved as a treatment for 

EML4-ALK driven NSCLC as well.  While these targeted therapies result in statistically 

significant improvements, treatment with these additional agents provide little improvement in 

overall survival due to acquired mutations (13; 14).  Furthermore, not all NSLC driving mutations 

are clinically suitable targets; RAS mutation results in a gain-of-function and the development of 

inhibitors have not been effective.  Therefore, developing methods for early detection and 

improving methods of treating lung cancer is of the utmost importance. 

 

1.2 Targeting EGFR in Lung Cancer 

The EGFR is a glycoprotein that belongs to a class of receptor tyrosine kinases that are 

activated by secreted growth factors.  EGFR is composed of four domains: an extracellular 

domain that binds ligands, a transmembrane sequence, an intracellular kinase domain and a 

cytoplasmic tail.  In its inactive state the EGFR exists as a monomer but rapidly undergoes 

dimerization upon binding an extracellular ligand.  This dimerization of the EGFR causes the 

activation of intracellular kinase domain and results in an autophosphorylation of the cytoplasmic 

tail. 
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Normally, the EGFR is thought to play a role in the epithelial wound healing response by 

promoting cell proliferation and migration.  However, in NSCLC the EGFR is constitutively 

activated due to either gene amplification or by mutations that result in ligand-independent 

signaling.  The most common activating mutations are in frame nucleotide deletions in exon 19 

and point mutations in exon 21 (15; 16).  Structural biology have revealed that point mutations to 

exon 21, such as the L858R mutation, causes the activation loop to favor a more solvent exposed 

position resulting in the stabilization of the active conformation of the kinase domain (17).  On 

the other hand, deletions in exon 19 are not as well characterized but some have hypothesized that 

these mutations alter the position of the activation loop as well (18).  These changes can cause 

excessive, aberrant EGFR signaling which promotes tumour progression by inducing cell cycle 

progression, growth and survival by inhibiting apoptosis.  Phosphorylated sites on the 

cytoplasmic tail of activated EGFR allows for the activation of MAPK proteins through 

Shc1/Grb2 adaptor proteins and can also promote Akt signaling through SH2 domain dependent 

recruitment of PI3K. EGFR signaling can also cross talk with the VEGF receptor to aid tumour 

vascularization (19).   

EGFR also signals to actin regulatory proteins that reorganize the actin cytoskeleton to 

enhance rates of cell migration. EGFR signaling can lead to the activation of proteins that mediate 

motility, such as cortactin and Rho family small GTPases (20).  The accumulation of these 

proteins results in the polarization of the cell and initiates the formation of lamellipodia (21).  

Cdc42 and Rac GTPases activate actin nucleation promoting factors (eg. WASP, WAVE) that 

recruit Arp2/3 complex to F-actin, leading to a highly branched network of F-actin.  This process 

provides force at the leading edge of the cell that drives the plasma membrane forward enabling 

cell migration (Figure 1-3). 
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Figure 1-3. Schematic model for lamellipodia formation and directional cell migration. 

Activation of the EGFR by ligand binding or by somatic mutation ultimately results in activation 

of cell motility proteins.  Activation of these proteins results in their localization to one side of the 

cell resulting in the polarization of the cell and the formation of lamellipodia.  Here 

WASP/WAVE and Arp2/3 proteins are activated and catalyze F-actin branching causing the 

forward propulsion of the membrane.  Adapted from McHardy et al. (2005) (22) 
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EGFR-specific small molecule inhibitors (eg. Erlotinib, Gefitinib) or humanized EGFR 

extracellular domain targeting antibodies (eg. Panitumumab, Pertuzumab) have shown promise in 

treatment of EGFR driven cancers.  Tumours that harbor EGFR mutations that cause ligand 

independent activation are highly sensitive to these inhibitors but these agents are not effective in 

tumours that overexpress EGFR or have other driving mutations (5; 15; 23).  Even patients that 

initially respond to EGFR inhibitors inevitably relapse due to an acquired resistance.  Secondary 

mutations which alter the gatekeeper residue in the drug binding site, such as T790M mutations, 

can occur in upwards of 50% of all patients treated with Erlotinib or Gefitinib (24). Amplification 

of other receptor tyrosine kinases (“kinase switching”) with redundant functions such as the MET 

receptor, PDGFR or FGFR, which occur independently of binding site mutations, can also allow 

resistance to EGFR targeted therapies (25).  Therefore, future therapies targeting signaling 

proteins downstream of the EGFR that promote tumour growth or metastases may provide a 

viable alternative therapy in the case of resistance.   

 

1.3 Fer Kinase Domain Structure and Regulation 

Fer (Fes-related) is a non-receptor tyrosine kinase that is recruited to and activated by 

EGFR and may prove to be a viable therapeutic target in EGFR driven NSCLC (26). Fer is 

located on 5q21 and was originally identified due to its homology to Fes kinase, which in turn 

was first identified as a viral oncogene in feline and avian tumours (27–30).  Fer is ubiquitously 

expressed in humans and is composed of four domains, a Fer-CIP4 homology 

Bin/Amphiphysin/RVS domain (F-BAR), an F-BAR extended (FX), an Src homology 2 (SH2) 

and a kinase domain (Figure 1-4).  Fer is highly conserved and is expressed in species as diverse 

as mammals and Drosophila melanogaster (31).  A Fer ortholog found in Caenorhabditis elegans 
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lacks the N-terminal F-BAR/FX domain, suggesting these modular domains were incorporated in 

more complex animals (32).  
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F-BAR domains are membrane-targeting domains composed entirely of α helices that 

form three helical bundles allowing antiparallel homodimerization (33).  F-BAR dimers have a 

crescent shape with clusters of basic residues that bind phosphoinositides (PI) (eg. PtdIns(4,5)P2) 

which are enriched at sites of membrane invaginations and protrusions (34; 35) .  Unique to Fer 

and Fes is the FX domain that specifically binds phosphatidic acid (PA) (36).  Interestingly, PA is 

linked to cell motility and is enriched at lamellipodia.  Furthermore, interaction with PA with the 

FX domain, and not other phospholipids, increases Fer kinase activity (36).  Indeed, an increase 

in Vav2 phosphorylation and lamellipodia formation was seen when full length Fer was 

expressed but not seen when just the kinase domain of Fer was overexpressed or when PA 

production was inhibited. 

While Fer oligomerization and localization required the N-terminal F-BAR/FX domains 

it has been found that it is not required for Fer kinase activity (37).  FerT, a splice variant of Fer 

which expresses a truncated N-terminus, the SH2 and kinase domains retains kinase activity (38).  

Normally FerT expression is limited to the testis but in certain cancers this splice variant can be 

expressed through the activation of the transcription factor BORIS (39). 

The SH2 domain is a well-conserved adaptor domain capable of forming stable 

interactions with phosphorylated tyrosine residues in a specific peptide motif and confers the 

ability of Fer to associate with several proteins such as cortactin, EGFR and PDGFR (26; 40).  

The concensus sequence for the Fer SH2 domain was reported to be (D/E)(E/P)pYE(N/E)(Y/E)D 

(41).  In Fes the SH2 domain is required to bind a ligand in order to align with the kinase domain 

for catalytic activity (42).  This SH2 domain interaction is also thought to be required for Fer 

kinase activation.  Fer activation downstream of receptor tyrosine kinases (eg. EGFR and 

PDGFR) likely occurs following Fer SH2 binding to pY residues on these receptors, leading to a 

membrane localized pool of active Fer kinase (Figure 1-5).  It is perhaps not surprising that Fer 

substrates include membrane-associated proteins that regulate cell physiology (43).   
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1.4 Fer Subtrates and Functions 

In normal epithelial cells and fibroblasts, Fer has been identified as playing a role in 

maintaining cell-cell adherens junctions (44).  Reports have suggested that Fer promotes 

polarization and development of neurons through a p120 catenin dependent manner and that 

disrupting this association with a soluble peptide delays axonogenesis (45; 46). Furthermore, 

other groups have suggested that Fer may be involved in specific apoptosis pathways as 

interactions with neuropilin1 can induce collapse of axons and death of cortical neurons through 

semaphorin 3A (47; 48).  The later suggests a possible tumour suppressor role for Fer.  

Furthermore, Fer can bind to p120 catenin, via its N-terminal domain, thereby stabilizing ß-

catenin and PTP1B at these adherens junctions (44).  Additionally, Fer is capable of associating 

with other cytoskeletal proteins such as the focal adhesion kinase (FAK) and plectin (49; 50).  In 

normal epithelium, EGFR signaling via Fer, likely contributes to wound healing responses, due to 

previous studies linking Fer to cell motility (36; 51).  In the intestine Fer is required to maintain 

epithelial barrier function (52).  Some studies have shown that in polarized epithelial cells Fer 

localizes to E-cadherin-associated adherens junctions and prevents the phosphorylation and 

release of ß-catenin thereby suppressing activation of Wnt signaling pathways (53).  Indeed, the 

Drosophila ortholog of Fer, FRK1, suppresses ß-catenin nuclear translocation and loss of FRK1 

results in abnormally increased proliferation of intestinal cells during embryonic development 

(53). 
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To better define Fer function in mammals Fer deficient mice were generated by knock in 

of a D743R missense mutation that results in a kinase dead, unstable Fer DR protein (54).  

Although these mice lack Fer kinase activity they are viable and have no overt phenotypic 

defects.  However, it was noted that cortactin phosphorylation was reduced in embryonic 

fibroblasts treated with growth factors (54).  Subsequently, Fer was shown to promote integrin 

signaling to cortactin, and promote cell motility (51).  Furthermore, Fer deficient mice showed 

defects in immune response to lipopolysaccharide (LPS) with increased leukocyte adhesion and 

migration through blood vessels, and altered intestinal epithelial barrier function (52; 55).  In 

mast cells Fer is activated downstream of c-Kit and IgE receptors and promotes mast cell 

chemotaxis (56).  Thus, Fer plays diverse roles in multiple cell types, and further studies are 

required to identify the pathways regulated by Fer. 

 

1.5 Role of Fer in Cancer Progression 

While the Drosophila ortholog of Fer, DFer, is sufficient to transform fibroblasts, 

overexpression of human Fer does not cause transformation but results in a loss of cell-ECM 

adhesion (31; 57; 58).  To date, only one mutation in Fer has been identified in human cancers, a 

W460C point mutation which remains uncharacterized (59). Still, recent studies implicate Fer as 

a positive regulator of cancer progression in the prostate and liver (60; 61).   

Upon malignant transformation of lung cancer cells, Fer may actually promote 

tumourigenesis by phosphorylating substrates involved in tumor growth and migration (Figure 1-

5).  Upon growth factor mediated activation or through actin de-polymerizing stress Fer can 

interact with the actin regulatory protein cortactin by its SH2 domain and catalyzes its 

phosphorylation on tyrosine 421 and tyrosine 466 (40; 62).  Phosphorylated cortactin can regulate 

cytoskeleton remodeling by directly interacting with F-actin and Arp2/3.  Cortactin is required for 
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invadopodia formation and cortactin overexpression is correlated with increased tumor 

invasiveness (63).  Furthermore, Fer can phosphorylate signal transducer and activator of 

transcription (Stat) 3, which has been linked to prostate tumour progression (64).  The activation 

of Stat3 upregulates a number of cancer promoting genes such as uPA, uPAR, Cathepsins B and 

L and is activated at the invasive edge of lung cancers (65).  

Recently, there have been reports that Fer may regulate Rho family GTPase signaling.  

The small GTPase Rac regulates actin reorganization and increase cancer invasiveness (66; 67).  

RhoGDIα regulates Rac by altering its cytosolic localization and is important in stabilizing and 

protecting Rac from degradation (68).  Fer can phosphorylate RhoGDIα" to" inhibit Rac1-

RhoGDIα interaction and limits Rac1 signaling but does not prevent this association once it had 

been formed (69).  Furthermore, when Fer is overexpressed Vav2, a Rac guanine exchange factor, 

is hyperphosphorylated leading to increased lamellipodia formation and cell motility (36). 

Lastly, Fer may also contribute to a resistance against chemotherapeutic agents.  Studies 

in colorectal and lung cancer cells revealed that Fer overexpression contributes to resistance to 

quinacrine, an antimalarial drug repositioned to cancer therapy, through NF-kB pathways (70).  In 

this study EGFR tyrosine 1068 was also identified as a Fer substrate and that phosphorylation of 

this site resulted in activation of NF-κB (70). 

 

1.6 Project Rationale, Hypothesis and Aims 

It is established that the EGFR is a driving oncogene in a large proportion of NSCLC  

and targeting effectors downstream of this signaling receptor may be an effective therapeutic 

strategy.  Studies show that Fer becomes activated downstream of the EGFR and a number of Fer 

substrates such as Cortactin, STAT3, Rho GDIα and Vav2 are implicated in promoting tumour 

progression (63; 65; 71; 72).  Furthermore, a number of studies have shown that Fer expression is 
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upregulated or is activated in a number of different cancer types including hepatic, prostate and 

triple negative breast cancer (60; 61; 73).  What remains to be discerned is if Fer activation occurs 

in these systems and if Fer contributes to tumour progression or metastasis in EGFR driven 

NSCLC progression.  Due to these factors, I hypothesize that Fer is a positive regulator in EGFR 

expressing NSCLC and that Fer is a potential therapeutic target to limit tumour metastasis. 

This thesis aims to discern the role of Fer in NSCLC using multiple, complementary 

approaches.  I plan to test if Fer plays a role in NSCLC growth, migration or invasion and address 

differences by investigating Fer mediated signaling pathways.  I will also test if Fer plays a role in 

metastasis in spontaneous and experimental tumour xenograft models.  Lastly, I will test the 

prevalence of Fer over-expression in human lung tumours.  Together, these aims will test whether 

Fer is a positive regulator in NSCLC development and may provide grounds to develop Fer 

targeted therapies in the future. 
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Chapter 2 

Materials and Methods 

2.1 Cell Culture, Transfections and EGF treatment 

HCC-H1299 cells (ATCC; hereafter called H1299) were grown in DMEM supplemented 

with 10% FBS (Sigma-Aldrich), 1% glutamine (Invitrogen), and 1% antimycotic/antibiotics 

(Invitrogen) at 37 ̊C in a 5% CO2 atmosphere. Cells at 80-100% confluence were regularly 

passaged using trypsin-EDTA (Invitrogen) at ratios of 1:10 using culture medium to inactivate 

trypsin.  Transient transfections of cells with plasmid DNA were performed using FuGENE HD 

(Roche Diagnostics Inc.) or X-tremeGENE (Roche Applied Science) according to manufacturer’s 

directions. For experiments involving EGF stimulation cells were starved overnight in serum-free 

media (16 h) prior to treatment with human EGF (50 or 100 ng/mL; Peprotech) for indicated 

times in figure legends.  

2.2 Lentiviral Infection 

pGIPZ-based lentiviral transfection encoding a non-targeting (NT) shRNA, Fer specific 

shRNA (FerKD1: 5’CTATCCAAATTTGAATCTA3’, FerKD2: 5’ 

AGGCTCACCATGATGATTA3’)  were obtained from Open Biosystems.  Lentiviral plasmids 

were co-transfected with packaging and envelope plasmids (CMVdeltaR8.91 and MD.2G) in 

HEK 293T human embryonic kidney cells. Viral supernantants were collected 48-72 hours after 

transfection, filtered through 0.4 µm filters and applied to H1299 cells.  Viral transduction was 

allowed to proceed for 48 hours, after which transduced cells were selected for by replacing the 

viral media with DMEM supplemented with 10% FBS and puromycin (2µg/mL).  Following 

selection for 1 week the efficiency of Fer silencing was addressed by immunoblotting. 
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2.3 Immunoprecipitation and Immunoblotting 

For immunoprecipitation experiments cells were lysed in MLB buffer (50 mM Tris-HCL 

[pH 7.4], 150 mM NaCL, 1% Triton X-100, 0.25% sodium deoxycholate, 10% glycerol, 25 nM 

NaF, 10 mM MgCl2, 1 mM EDTA, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM Na3VO4, 100 

µM phenylmethylsulfonyl fluoride), harvested with a cell scraper, and lysate was then incubated 

on ice for 10 minutes.   Insoluble material was removed by centrifugation at 11,500 X g for 10 

min at 4 ̊C.  Immunoprecipitation from soluble cell lysate (SCL) was performed with anti-Fer 

antibodies (37) or anti-Vav2 antibodies (Santa Cruz, H-200), incubated overnight at 4 ̊C and 

pulled down with 25 µL of GammaBind Sepharose (50% vol/vol slurry in PBS), per 1 mL soluble 

cell lysate, for 1 hour at 4 ̊C. The immune complex was washed 3 times with lysis buffer, 

resuspended in 2X SDS-PAGE loading buffer (0.25% Bromophenol blue, 0.25% Xylene cyanol 

FF, 30% glycerol) and then subjected to SDS-PAGE as described below. 

For immunoblotting, cells were washed twice with cold PBS and then lysed using Kinase 

Lysis Buffer (20mM Tris-HCL [pH 7.5], 150 nM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% 

sodium deoxycholate, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM Na3VO4, 100 µM 

phenylmethylsulfonyl fluoride), harvested with a cell scrapper and incubated on ice for 10 

minutes.  Insoluble material was removed by centrifugation at 11,500 X g for 10 min at 4 ̊C and 

then added to 2X SDS-PAGE loading buffer.  Soluble cell lysate was resolved by SDS-PAGE 

and transferred to Immobilon P membranes (Millipore) using a semi-dry transfer apparatus (Bio-

Rad).  Membranes were blocked in either 5% BSA for antiphosphotyrosine antibodies (pY99), or 

5% nonfat milk powder for all other antibodies, in TBS-T (10 mM Tris-HCl [pH 7.4], 150 mM 

NaCl, 0.1% Tween-20) for an hour at room temperature and then probed with antibodies directed 

against: Fer (1:1000;(74)), p-Tyr (1:1000; Santa Cruz, PY99), tubulin (1:1000; Sigma, T6074), 

actin (1:1000; Santa Cruz, C4), Vav2 (1:1000; Santa Cruz, H-200), phospho-142 Vav2 (1:1000; 

ECMBiosciences), Rac1 (1:1000; Millipore, 23A8), active Rac1-GTP (1:1000; NewEast 
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Biosciences), Transferrin (1:1000; Invitrogen, H68.4) overnight at 4 ̊C.  Antibody-antigen 

complexes were detected using either horseradish peroxidase-conjugated goat anti-mouse 

immunoglobulin (1:10,000; GE Healthcare) or horseradish peroxidase-conjugated goat anti-rabbit 

immunoglobulin (1:10,000; GE Healthcare) and followed by enhanced chemiluminescence (ECL; 

Applied Biological Materials). 

2.4 Immunofluorescence 

Immunofluorescent staining of H1299 cells was performed on serum-starved cells 

attached to fibronectin (20 ng/mL) coated coverslips following treatment with EGF (50 ng/mL) 

for the times indicated in figure legends.  Cells were fixed with 4% paraformaldehyde for 30 

minutes at room temperature, permeabilized with 0.25% Triton-X100 in PBS, blocked with 5% 

goat serum (Sigma-Aldrich) and incubated with rabbit anti-Fer antibodies (1:50; Sigma, 

HPA7641) and mouse anti-active Rac1-GTP antibody (1:50; NewEast Biosciences) at 4 ̊C 

overnight.  After five washes with PBS/0.2% Tween-20 (PBS-T) coverslips were incubated with 

Tritc-phalloidin (1:400, Invitrogen), DAPI (1:400, Invitrogen), and with either AlexaFluor 568 or 

633 conjugated goat anti-rabbit IgG (1:200, Invitrogen) or Alex 568 or 633 conjugated goat anti-

mouse IgG (1:200, Invitrogen) at room temperature for an hour.  After washing 5 times with 

PBS-T coverslips were mounted on slides and analyzed by spinning disc confocal microscopy 

(HCX PL APO DIC 63X/132 Oil CS objective; WaveFX-X1 spinning disc confocal microscope). 

2.5 Analysis of Fer expression in NSCLC cell lines and tumour homogenate 

Fer expression was analyzed in normal and malignant lung epithelial cells.  Lysates were 

prepared from HBE154, HBE 158, NL20, A549, BHE, LC-T, H358, SW-900, QU-DB, SK-LuCi-

6, and SKLU1 cells (kindly provided by Xiaolong Yang, Department of Pathology & Molecular 

Medicine, Queen’s University).  Samples were subjected to immunoblotting with Fer and actin 
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antisera as described above.  Tumour and adjacent normal lung tissue homogenates from the 

Ontario Tumour Bank (University Health Network, Toronto) were kindly provided by Xiaolong 

Yang.  These samples, which were collected at the time of initial diagnosis from patients with 

NSCLC, were subjected to immunoblotting with Fer and actin antisera as described above.  

2.6 Cell Growth Assays 

Cell growth assays were performed on H1299 control and Fer knock-down (KD) cells 

grown to 80% confluence in 10cm tissue culture plates.  Cells were washed in PBS, trypsinized 

and fixed in 70% ethanol overnight at 4 ̊C.  Cells were resuspended in PBS supplemented with 

0.1mg/mL RNaseA for 30 min at room temperature and then 106 cells were permeabilized with 

PBS with 0.5% Trixton X-100. Cells were resuspended in PI (10 µg/mL)/RNase A (0.1 mg/mL), 

and incubated at 37 ̊C for 20 min.  Samples were analyzed by flow cytometry.   

2.7 Wound-healing Assay 

Wound-healing assays were performed on H1299 cells grown to confluence in 6 well 

plates that were serum starved overnight.  A wound was induced using a yellow p200 tip and cells 

were washed with PBS to remove cell debris and incubated in media supplemented with EGF (50 

ng/mL).  Images were taken for each cell line and the position of images were marked on the 

underside of the dish.  After 18 hours, cells were fixed in 4% paraformaldehyde and stained with 

crystal violet and images were taken at the same positions.  Cell migration was quantified by 

subtracting the area cleared prior to stimulation from the cell-free area post 18-hour stimulation. 

2.8 Agarose Drop Migration Assay 

Agarose drop chemotaxis assays were performed as previously described (Wiggins & 

Rappoport, 2010) with minor alterations.  Coverslips were coated with fibronectin (20 ng/mL) for 

24 hour at room temperature prior to adding an agarose drop (0.1% Low Melt Point Agarose) 
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supplemented with EGF (final concentration of 20 ng/µL).  20,000 H1299 cells were stained with 

either Celltracker orange or Celltracker green (Invitrogen, 10 µM) according to manufacturers 

recommendations, plated onto the coverslips and allowed to adhere to the plates for 6 hours at 

37 ̊C CO2 incubator.  Post adherence images from the edge of the agarose drop were acquired by 

the Quorum Wave FX microscope (10x objective) every 10 minutes for 18 hours in a chamber 

heated to 37 ̊C in a 5% CO2 atmosphere.  Migration analysis was performed using the manual 

tracking suite in ImageJ (National Institues of Health, USA). 

2.9 Boyden Chamber Invasion Assay 

Boyden chamber invasion assays were performed on transwell inserts (8 µm; BD 

Bioscience) that had been coated with 17 µL of growth factor reduced Matrigel (BD Bioscience) 

chilled to 4 ̊C and allowed to solidify at 37 ̊C for 30 minutes.  The inserts were placed in a 24 well 

plate containing DMEM supplemented with 10% FBS and 50,000 H1299 cells in DMEM with 

0.5% FBS were plated into the upper chamber.  After 60 hours the filters were fixed in 4% PFA, 

Matrigel from the upper chamber was removed and filters were stained with DAPI.  

Epifluorescence was used to detect nuclei of cells that had invaded and image fields were scored 

using Image Pro Plus software (Media Cybernetics). 

2.10 GST Fusion Protein Expression 

Plasmids encoding Vav2 GST fusions with different point mutations were obtained from 

Dr. Buday Laszlo (75).  All plasmids were transformed into BC21 E.coli , grown to mid log 

phase in Luria Broth (LB) and induced with 1mM IPTG.  Cell pellets were resuspended in A1000 

buffer (1M NaCl, 20mM Tris-HCL [pH 8], 0.2mM EDTA, 0.5mM DTT, 0.1% Triton-X100, 10 

µg/mL aprotinin, 10 µg/mL leupeptin, 100µM phenylmethylsulfonyl fluoride), treated with 

lysozyme (166 ng/mL) for 30 minutes, sonicated, and cleared by centrifugation.  GST-fusion 
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proteins were purified on prepared glutathione-sepharose beads and subsequently eluted using 

glutathione elution buffer (50mM Tris-HCL [pH 8], 3.1 mg/mL reduced glutathione). 

2.11 In Vitro Kinase Assays 

For in vitro kinase assays the purified GST-Fusion proteins were treating with thrombin 

(10 units/mg) to cleave GST.  For the kinase reaction cleaved Vav2 (1 µg) was incubated with 

250 ng of commercially prepared Fer in kinase reaction buffer (0.2M Tris-HCL [pH 7.4], 0.1mM 

Na3VO4, 10mM MgCl2, 0.5mM ATP) for 20 minutes at room temperature.  The reaction was 

stopped with 6X SDS and subjected to SDS-PAGE as described above. 

2.12 Rac1 Translocation Assay 

H1299 cells, grown to 80% confluence, were serum starved overnight and then stimulated 

with 100ng/mL EGF for the times indicated.  Cells were washed twice in cold PBS and lysed in 

hypotonic Triton X-100 lysis buffer (20 mM Tris-HCL [pH 7.4], 3 mM MgCl2, 8% sucrose, 

0.5% Triton X-100, 5 mM EGTA, 10 µg of aprotinin /mL, 10 µg of leupeptin /mL, 1 mM 

Na3VO4, 100 µM phenylmethylsulfonyl fluoride) and subjected to ultracentrifugation at 195,000 

X g for 2 hours at 4 ̊C.  After centrifugation the pellet and soluble fraction were resuspended in 

SDS-PAGE loading buffer and then subjected to SDS-PAGE. 

2.13 Tumour Xenograft Assay 

Rag2-/- :γc -/- mice (BALB/c background) that are deficient in NK/B/T cells (76) were 

housed at Queen’s University Animal Care Services.  All experiments were approved by the 

Queen’s University Animal Care Committee and were carried out under protocol Craig-2009-

037-R3-A1.  Control and Fer KD H1299 cells were grown to 80-90% confluence and harvested.  

For xenografting assays cells (5x106) were injected subcutaneously into the flank area of the mice 

in a total volume of 100 µL.  After 5 weeks mice were sacrificed and tumour masses were 
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recorded.  The tumour and lung tissues were resected, mounted on slides and initially analyzed 

for GFP-positive tumour cells by epifluourescence microscopy (4X objective).  Tissues where 

then fixed in formalin, embedded in paraffin and sections were stained with hematoxylin and 

eosin for histological examination.  Tissue sections were digitally scanned and metastases were 

manually detected and scored. 

 For experimental metastasis assays, control, or Fer KD H1299 cells (0.5x106) were 

injected into the tail veins of Rag2-/- :γc -/- mice.  After 2 weeks mice were sacrificed and the lungs 

were resected, fixed in formalin, embedded in paraffin and sections were stained with 

hematoxylin and eosin for histological examination.  Tissue sections were digitally scanned and 

viewed using Aperio imaging software (Aperio, Vista, CA, USA) and metastases were manually 

detected and scored. 

2.14 Immunohistochemistry 

Tissue microarrays covering a range of lung cancer types (LC813, US Biomax) were 

stained using the LSAB+ System-HRP assay kit (Dako).  Antigens were retrieved by heating to 

95 ̊C in 10mM sodium citrate [pH 6] for 30 min.  Samples were treated with peroxide for 5 

minutes, then with TBS/0.025% Triton-X100 for 5 minutes, and then blocked with 1% BSA in 

TBS for 10 minutes.  Samples were incubated with rabbit anti-Fer (Sigma, HPA7641; diluted 

1:25 in TBS/1% BSA) at room temperature for 1 hour.  Staining was achieved by incubating with 

goat anti-rabbit IgG biotinylated linker (Dako) for 20 minutes followed by Streptavidin-

horseradish peroxidase for 20 minutes and then DAB solution for 3-4 minutes.  Tissues were 

counterstained with hematoxylin in ammonia water. 
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2.15 Statistical and Image Analysis 

Statistical significance (* indicates p ≤ 0.05) was determined using paired Students T-

Tests in Microsoft Excel (Washington, USA).  Image J image-analysis software with the manual 

tracking package was used for quantification analysis of cell migration. 
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Chapter 3 

Results 

3.1 EGFR signaling leads to activation of Fer and localization to lamellipodia in 

NSCLC cells 

 Previous reports have shown that Fer is phosphorylated and activated downstream of a 

number of RTKs, including PDGFR, VEGFR and EGFR (26; 43) .  Since the EGFR is a common 

driving oncogene in NSCLC we wished to test the role of Fer in EGFR driven NSCLC. A survey 

of two lung epithelia-derived normal cell lines, one immortalized lung cell line and eleven 

NSCLC cell lines by immunoblot (IB) revealed expression of Fer in all cell lines (Figure 3-1 A).  

Although the levels of Fer varied, this was not due to differences in protein amounts as 

determined by immunoblot with Actin antisera (Figure 3-1 A).  We chose to investigate role of 

Fer in NSCLC’s that overexpress wild-type EGFR since these cancers are less effectively treated 

with existing EGFR inhibitors compared to mutant EGFR NSCLC’s (15).  We chose H1299 cells 

as a model system since they are derived from metastatic NSCLC, and show dependence on 

EGFR for growth, migration and tumourigenesis. 

 To confirm that the H1299 cells were sensitive to EGF and that EGF stimulation activates 

Fer we serum-starved cells overnight and exposed them to 50 ng/mL EGF for 5 minutes.  By 

probing with a phosphotyrosine (pY) antibody the total tyrosine phosphorylation profiles were 

compared between soluble cell lysates (SCLs) from the treated and untreated cells (Figure 3-1 B, 

see lanes 3 & 4).  As expected, we observed that stimulation with EGF resulted in increased total 

tyrosine phosphorylation of various proteins, including a prominent protein at 170 kDa that likely 

corresponds to EGFR (Figure 3-1 B, see arrow).  Immunoprecipitation (IP) of Fer from the same 

cell lysates was performed to evaluate Fer activation downstream of EGFR.  Probing with pY 

antibody revealed some basal phosphorylation of Fer in unstimulated cells but Fer pY was greatly 
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enhanced in EGF treated cells (Figure 3-1 B, see lanes 1 & 2).  These differences were not due to 

unequal loading of Fer since reprobing with an anti-Fer antibody demonstrated equal Fer 

recovery in these IP’s.  These results are consistent with Fer activation downstream of EGFR in 

NSCLC cells. 

 Previous literature has demonstrated that the F-BAR/FX domains of Fer bind 

phosphatidic acid (PA), which is formed by the cleavage of phosphatidyl choline by PLD and 

enriched at lamellipodia due to PI3K (77).  To define the localization of activated Fer we plated 

H1299 cells onto poly-L-lysine/fibronectin-coated coverslips and used immunofluorescence 

staining to probe Fer localization.  In EGF stimulated cells Fer (green) could be detected within 

lamellipodial protrusions, likely corresponding to the leading edge of cells adopting a motile 

phenotype (Figure 3-1 C).  In EGF-treated cells Fer shows more co-localization with F-actin (red) 

at the cell periphery, compared to untreated cells (Figure 3-1 C).  These results indicate that Fer is 

activated downstream of EGFR in NSCLC cells and this leads to increased localization of Fer to 

leading edge, F-actin-rich projections.   
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3.2 Silencing of Fer expression in H1299 cells impairs motility but not cell growth 

 To investigate the role of Fer in EGFR signaling in NSCLC cells we established cell 

pools transduced with lentivirus encoding non-targeting (NT) or two separate Fer shRNAs.  After 

selection for puromycin resistance and passaging several times, we compared Fer expression in 

these cell pools by IB.  Compared to NT control, Fer KD1 (shRNA1) showed a dramatic 

reduction in Fer levels, while Fer KD2 showed partial depletion of Fer (Figure 3-2 A).  Fer 

expression was reduced by ~80% and ~60% in Fer KD1, KD2 cell lysates, respectively, and 

silencing was stable over multiple cell passages (Figure 3-2 B).  

 To test whether Fer silencing affects growth of H1299 cells, the cell cycle profiles of NT 

and Fer KD cells were compared.  Following propidium iodide (PI) staining of subconfluent 

H1299 NT and Fer KD cells grown in presence of serum, the DNA content of cells was analyzed 

by flow cytometry (Figure 3-2 C).  No significant differences were observed between NT and Fer 

KD cells residing in G1, S or G2/M phases of the cell cycles (Figure 3-2 D).  
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 We also investigated the role of Fer in cell motility using a wound-healing assay.  Here a 

p200 tip was used to create a wound in a confluent monolayer of serum starved NT or Fer KD 

cells.  After 18 hours in media supplemented with 50ng/mL of EGF, H1299 NT control cells 

closed the majority of the wound area (Figure 3-3 A).  However, a significant reduction in wound 

area closure was observed for Fer KD cells (55% for KD1 and 74% KD2), compared to the non-

targeting cells (Figure 3-3B).  These results are consistent with Fer promoting signaling form 

EGFR that enhances cell motility. 

To extend on these findings we employed a second chemotaxis assay that was developed 

for breast cancer cells migrating towards EGF (78).  We adapted this assay to directly compare 

migration of both H1299 NT and FerKD cells under identical conditions.  To do this, cells were 

cultured in the presence of either CellTracker red (NT) or CellTracker green (Fer KD) prior to 

plating an equal mixture of these cells onto poly-L-lysine/fibronectin coated coverslips containing 

an agarose drop enriched with EGF (Figure 3-3 C).  Following time lapse confocal microscopy of 

live cells for 18 hours we observed that cells attached around the agarose drop began to invade 

underneath the EGF-containing drop (Figure 3-3 D).  Compared to NT control cells, we observed 

fewer Fer KD cells migrating under the agarose drop in multiple separate fields of view (Figure 

3-3 E, 50% reduction compared to control).  Of the Fer KD cells that migrated under the agarose 

drop, the cell velocity was greatly reduced (Figure 3-3 F, 41% reduction).  Together these results 

show that although Fer is not required for cell proliferation, Fer promotes EGFR-driven cell 

migration in NSCLC cells. 
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To investigate the role of Fer in cell invasion we used matrigel-coated transwell filters 

(Figure 3-4 A).  Briefly, cells were plated onto inserts (8 µm pores) coated with growth factor 

reduced matrigel.  After 60 hours membranes were removed stained with DAPI and the underside 

of the filters were quantified for DAPI positive foci.  Compared to NT control cells, we observed 

fewer invasive Fer KD cells in multiple fields of views (Figure 3-4 B).  These results suggest that 

Fer is a positive regulator in lung cancer cell invasion.   

3.3 Role of Fer in EGFR signaling to Vav2 

 To define the potential molecular mechanism explaining the defects in cell migration we 

observed in Fer KD cells we investigated Fer substrates with known roles in cell migration. We 

first assessed EGF-induced pY of EGFR, Cortactin (pY421), and RhoGDIα, however, no 

consistent defects in pY were observed for these proteins in Fer KD cells compared to NT control 

(data not shown).  However, a previous study had demonstrated that upon Fer overexpression the 

Rac GEF Vav2 became highly phosphorylated (36).  Since Vav2 pY promotes its Rac GEF 

activity (75), we hypothesized that Vav2 hypophosphorylation in Fer KD cells may lead to 

reduced Rac activation and cell motility (79).  To test this, serum starved H1299 NT and Fer KD 

cells were treated with or without EGF for 5 minutes and then harvested.  No overt defect in 

global pY levels were observed in SCL’s from Fer KD cells compared to NT control (Figure 3-5 

A, top panel).  Although the levels of Vav2 were unchanged between NT and Fer KD cells, we 

observed a reduction in total Vav2 pY upon EGF treatment (Figure 3-5 A, second and third 

panel).  Reprobing with an anti-Vav2 antibody demonstrated that an equal recovery of Vav2 was 

achieved (Figure 3-5 A, bottom panel). 
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 Vav2 has three known pY sites and we suspected that the reduction, but not complete loss 

of phosphorylation signals in FerKD cells may indicate that Fer phosphorylates only a subset of 

these sites.  To address this, known pY sites of Vav2 were tested for homology to known auto-

phosphorylation sites in Fer.  One site on Vav2, tyrosine 172, showed some conservation of 

charged residues surrounding the Y402 site of Fer (Figure 3-5 B).  This feature is also observed in 

Cortactin Y421, a known Fer substrate.  We obtained a pY172-Vav2 antibody, and performed IB 

on lysates from NT, Fer KD1 and KD2 cell treated with EGF for 0-15 minutes.  Interestingly, 

Vav2 pY 172 was induced by 5 minutes and was still detected at 15 minutes in NT cells but was 

undetectable at either time point in Fer KD cells (Figure 3-5 C).  These results are consistent with 

Fer promoting Vav2 pY downstream of EGFR, but do not prove that this is a direct effect. 

 To test whether Vav2 can be a direct substrate of Fer we performed in vitro kinase assays 

with purified, active Fer and purified Vav2 N-terminal domain constructs with individual or 

combined mutations of pY sites to F residues (Figure 3-5 D) (75).  Interestingly, Vav2 pY was 

observed in the presence of Fer in the in vitro kinase assay suggesting that Vav2 is a Fer substrate 

(Figure 3-5 E, see lane 5).  However, the same construct bearing a Y172F mutation showed no 

detectable pY (Figure 3-5 E, compare lanes 5 & 6).  Additional Y142F and Y159F mutations 

were without effect in this assay (Figure 3-5 E, see lanes 7 & 8).  These results provide the first 

evidence that Fer kinase phosphorylates Vav2 at tyrosine 172.  Since pY 172 contributes to 

increased GEF activity of Vav2 towards Rac, this may lead to Rac activation defects in Fer KD 

cells. 
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3.4 Fer promotes EGFR signaling to Rac1 GTPase 

 The phosphorylation at Y172 on Vav2 has been reported to be critical to the activation of 

Vav2 by relieving an inter-domain autoinhibitory interaction and is required for GEF activity 

(80).  Since we found that Fer knockdown leads to loss of pY172-Vav2 we examined if this leads 

to defects in activation, or GTP loading, of Rho family GTPases.  Using immunofluorescence 

staining with a GTP-Rac-specific antibody we compared localization of active Rac in EGF 

treated NT and Fer KD H1299 cells.  In control cells, EGF-induced lamellipodia were enriched 

for both F-actin (red) and active Rac1 (green) with a separate pool of cytosolic Rac that failed to 

co-localize with F-actin (Figure 3-6 A).  In contrast, Fer KD cells contained mainly cytoplasmic 

GTP-Rac1, with little signal for active Rac1 at the cell periphery (Figure 3-6 A). 

 Rac1 isoprenylation enables localization and binding to the lipid membrane or 

endosomes when active (81; 82).  Since membrane targeting is important for Rac1 function we 

tested if Fer KD cells showed differences from NT control cells in Rac1 recruitment to membrane 

fractions.  Separation of the membrane and soluble fraction using ultracentrifugation revealed 

lower levels of membrane-bound Rac1 in Fer knockdown cells compared to non-targeting cells 

stimulated with EGF (Figure 3-6 B).  Probing for Transferrin receptor (membrane) and Tubulin 

(soluble) demonstrated that separation was successful.  These results suggest that Fer kinase 

promotes EGFR signaling to Vav2, leading to formation of an active pool of Rac1 at membrane 

projections that require rapid polymerization of branched actin networks. 
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3.5 Fer kinase promotes NSCLC metastasis in vivo 

 To test the in vivo effects of Fer silencing on NSCLC progression and metastasis we 

performed tumour xenografts assays with H1299 control or Fer KD cells injected subcutaneously 

in immunocompromised mice.  Tumour development was monitored over the course of 5 weeks 

after which the mice were sacrificed and tumours and other tissues were harvested.  Homogenates 

from tumours were analyzed for Fer expression and from this we were able to conclude that Fer 

silencing was maintained in vivo (Figure 3-7 A).  Analysis of the tumour mass revealed no 

significant differences between tumours arising from NT control cells and Fer KD cells (Figure 3-

7 B).  Inspection of the mouse lung tissues revealed that the subcutaneous tumours produced 

spontaneous lung metastasis marked by GFP expression.  Mice bearing tumours from NT cells 

had potentially fewer metastatic nodules than mice with Fer KD tumours (Figure 3-7 C).  Lung 

tissue sections stained with hemotoxylin and eosine showed that metastatic nodules were indeed 

present (Figure 3-7 D).  Quantification of spontaneous lung metastases from lung tissue sections 

revealed a substantial reduction in mice bearing Fer KD tumours (Figure 3-7 E).  This was not 

due to a requirement for Fer in lung seeding, since Fer KD cells were very effective in seeding of 

lung metastases following tail vein injection of cells (Figure 3-7 F).  This suggests that Fer does 

not play a role in lung cancer progression, but may play a role in the early stages of lung cancer 

metastasis. 
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3.6 Fer kinase expression is upregulated in NSCLC patients 

 To determine whether Fer expression and activation correlates with human lung cancer 

type, progression or metastasis we surveyed Fer levels from homogenates of NSCLC tumour 

samples and their corresponding normal lung tissue homogenates from 12 patients.  Western blot 

analysis revealed a wide range of relative Fer expression (0.59 to 5.12, 2.24 average in 

tumour/normal) (Figure 3-8 A).  Trends towards increased Fer levels in tumours compared to 

normal lung were observed.  To follow up on these findings we performed immunohistochemistry 

for Fer on an 80-core tumour tissue microarray (TMA) that represented all of the major subtypes 

of human lung cancer.  Here we found that Fer expression is low in normal lung, and highly 

expressed in most lung tumours that we analyzed (Figure 3-8 B).  Of the NSCLC samples, Fer 

was highly expressed in 14 of 22 NSCLC adenocarcinomas and 6 of 22 squamous 

adenocarcinomas.  Interestingly, we also observed high levels of Fer in all the SCLC cores within 

this TMA (8 of 8; Figure 3-8 B).  Our studies suggest that Fer is overexpressed in a subset of lung 

cancers across both major subtypes and that this may contribute to the highly metastatic 

phenotypes of the lung tumours. 
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Chapter 4 

Discussion 

4.1 The Role of Fer in EGFR-driven NSCLC pathways 

The highly metastatic nature of lung cancer contributes to the high frequency of 

recurrence and overall low survival rates of this form of cancer.  The EGFR is frequently 

overexpressed in lung cancer and causes activation of pathways critical for the metastasis of lung 

cancer cells by up regulating processes involved in cell motility and invasion.  While the use of 

EGFR-targeted therapies has been incorporated into the standard treatment of mutant EGFR 

driven lung cancers, the eventual acquired resistance to these agents spurs the need for alternate 

treatments.  Pathways downstream of the EGFR are subsequently upregulated in EGFR driven 

tumours and can be targeted as potential therapeutic targets.   

In this study, we have shown that Fer likely plays a role in EGFR-driven tumour 

metastasis.  Here, we used a lentiviral shRNA knockdown approach to drastically reduce the 

expression of Fer in the NSCLC cell line H1299.  While silencing Fer did not produce any cell 

proliferation defects, we have shown that the loss of Fer decreases the ability for these cells to 

migrate by decreasing migration velocity and migratory persistence.  Since F-actin 

polymerization is required for cell migration we investigated Fer substrates required for F-actin 

nucleation or branching.   

Vav2 is a Rac1 guanine exchange factor that is ubiquitously expressed in humans and 

mediates EGF driven cell spreading, proliferation, and actin rearrangement (83; 84). Furthermore, 

Fer overexpression induces Vav2 phosphorylation (36).  We have confirmed that Fer directly 

phosphorylates Vav2 in EGFR driven NSCLC and have gone further to specify that this 

phosphorylation occurs at tyrosine 172.   Since phosphorylation at this site of Vav2 is required for 
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the switch to an open, active conformation we investigated how the loss of Fer ultimately affects 

the activation of Rho family proteins.  Our studies show that this Fer mediated phosphorylation of 

Vav2 is required for Rac1 membrane association and localization to the leading edge of the cell.   

Therefore, our studies propose that Fer plays a role in cell motility in EGFR driven 

NSCLC by mediating Rac1 activation by EGFR signaling.  In our proposed model the activation 

and transphosphorylation of EGFR, in either overexpressed or mutated EGFR, leads to the 

recruitment of Fer from the cytoplasm to the leading edge of cells in an SH2-domain mediated 

interaction.  This binding leads to an auto-phosphorylation and full activation of Fer thereby 

allowing it to phosphorylate substrates localized to lamellipodia.  Membrane recruited Fer can 

trigger activation of cytoskeletal rearrangement by phosphorylating Vav2 at tyrosine 142 

triggering the relief of an auto-inhibitory conformation and allowing full functionality as a GEF.  

Activation of Vav2 by Fer can activate Rac1, by catalyzing exchange of Rac1GDP to Rac1GTP, 

allowing known functions such as the formation of lamellipodia, F-actin polymerization and cell 

motility through the activation of Wave and inhibition of Cofilin (85; 86). 

The localization of these proteins to lamellipodia may be aided by the generation of 

certain phospholipids initiated by the activation of the EGFR.  Activation of the EGFR increases 

PA levels through the cleavage of PC by PLD (85; 86).  The F-BAR/FX domains of Fer and the 

poly-basic C domain of Rac1 bind to PA; subsequently, this binding of PA increases the kinase 

activity of Fer and can inhibit the binding of RhoGDIα to Rac1 (36; 87; 88) .  Vav2 may also be 

localized to these areas by interacting with PtdIns(3,4,5)P3, generated by the activation of 

Akt/PI3K, through its PH domain, but this is not critical for GEF activity (83; 89). 

 The role of Fer in this signaling axis still needs to be further elucidated.  To extend this 

work verification of the interactions between Fer and Vav2 will need to be further tested.  By 

using co-immunoprecipitations we can test that Fer and Vav2 physically interact.  We can further 

test this interaction by visualizing Fer and Vav2 localization using immunofluorescence in EGF 
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stimulated cells.  To prove that this interaction is not restricted to H1299 cells we could also test 

this interaction by knocking down Fer with a similar strategy in other EGFR overexpressing or 

mutant NSCLC cell lines. 

 

4.2 The Role of Fer in Tumour Metastasis 

Our studies have suggested that Fer plays a role in tumour cell migration and invasion, 

both of which may contribute to increased tumour metastasis.  In our mouse tumour xenograft 

models, where we have subcutaneously injected control and Fer knockdown H1299 cells, we 

observed that mice injected with Fer knockdown cell did not have altered primary tumour size.  

However, we observed that the subcutaneous tumours did produce spontaneous tumours that 

homed to the lungs.  Upon analysis of the lungs we noted that the tumours arising from the 

control H1299 may have produced more spontaneous metastasis than their Fer KD counterparts.  

Additional tail vein injection xenograft studies revealed that there was no difference in tumour 

seeding in the lungs between the H1299 control cells and Fer KD cells, suggesting that Fer does 

not play a key role in survival of circulating tumour cells, extravasation, or growth of metastatic 

tumours.  Taken together, this suggests that Fer is playing a role in early events of metastasis, 

potentially promoting cell migration and invasion pathways.  However, further studies will be 

required to investigate these steps directly. 

Our observations that Fer may positively affect the incidence of metastasis in EGFR 

driven NSCLC subscribes to the work of a number of other groups.  Other groups have found that 

Fer’s role in tumour progression likely also depends on its activation status.  Observations made 

in hepatic cancers reveal that tyrosine phosphorylated Fer is expressed to a higher degree in 

tumours that form metastatic disease (61).  Furthermore, triple negative breast cancers, the most 
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aggressive subtype of breast cancers, were also found to have an upregulation of tyrosine 

phosphorylated Fer (73).  

One shortfall of these studies is the dissimilarity in the actual tumour metastasis and our 

models used to demonstrate metastasis.  Normally, lung tumours metastasize to distal sites, where 

our subcutaneous model results in tumours that metastasize to the lungs.  To provide a more 

biological representative model of lung tumour metastasis an orthotopic model could be used in 

the future to test the role of Fer in lung metastasis.  Traditionally, lung orthotopic models have 

required a solid tumour formed by growing cells subcutaneously in nude mice.  These tumours 

can then be surgically grafted into the lungs into a second animal or minced, enzymatically 

digested and implanted by intratracheal injection (90; 91).  Alternatively, reports have shown that 

suspending H1299 cells in an extracellular matrix, such as matrigel, and injecting this slurry into 

the lungs can result in tumours that form distal metastasis (92).  Use of one of these other models 

could provide a more accurate representation of Fer’s role in lung cancer metastasis. 

 

4.3 Fer as a Therapeutic Target in Metastatic Lung Cancer 

Reports have correlated Fer expression with advanced prostate cancer and with distal 

metastasis in hepatic cancer (60; 61; 93) .  In a pilot study, we surveyed Fer levels in both normal 

lung tissues and in their respective NSCLC in 12 patients.  We found that Fer was highly 

expressed in most NSCLC tumour homogenates compared to normal lung tissue.  Further 

anlaysis of Fer IHC on TMAs revealed high levels of Fer in most adenocarcinomas and some 

squamous carcinomas.  Based on our functional studies in H1299 cells we predict that high levels 

of Fer or Fer pY will correlate with lung cancer metastasis.  Subsequent studies of paired primary 

tumours and metastasis will be required to test this hypothesis.  Furthermore, the Fer/Vav2/Rac 

pathway could be surveyed using pY172-Vav2 and active Rac antibodies to correlate with 
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metastatic phenotype.  Ultimately, it would interesting to test whether this pathway is linked to 

patient outcomes.   

Unexpectedly, Fer was found to be overexpressed in 8 of 8 SCLC cores.  SCLC’s 

frequently overexpress Kit receptor, while studies in mast cells showed that Fer is activated 

downstream of the Kit receptor and promotes cell migration (56; 94).  From these findings we can 

hypothesize that Fer may promote SCLC progression or metastasis by signaling downstream of 

active Kit receptor. 

Since Fer-deficient (D743R knock-in) mice have no overt phenotypes, it would suggest 

that Fer may be a suitable chemotherapeutic target (54).  Thus, targeting Fer with small molecule 

inhibitors may have limited side effects.  Recently, a small molecule inhibitor TAE684, originally 

designed to inhibit the EML-ALK fusion protein, has been found to inhibit the kinase activity of 

Fes at low concentrations (95).  This drug was found to inhibit Fes kinase activity in vitro, and 

Fes-induced microtubule pY in cells, without affecting Src family kinases such as Hck.  Out of 

the 14 residues in Fes found to form interaction with this small molecule inhibitor, 13 were found 

to be identical in Fer (J. Ahn, unpublished observations).  Therefore, this drug may also inhibit 

Fer as well, and could be used to further investigate Fer’s role in lung cancer progression.   

 

4.4 Summary and Significance 

In conclusion, this study has elucidated a novel pathway in EGFR driven cell motility 

where we have found that Fer links the EGFR to Rac1-induced cell motility.  Our studies have 

also revealed the presence of Fer at high levels in NSCLC, suggesting Fer may be a suitable 

target in the treatment of this disease.  While these studies are promising, there is a need to 

validate whether Fer is a good candidate as a therapeutic target in a pre-clinical setting.  Studies 

that would focus on developing new small molecule inhibitors targeting Fer or refining current 
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agents and testing them in a mouse model that develops spontaneous, metastatic EGFR driven 

lung cancers would be part of the logical next steps.  Alternatively, the role of Fer in lung tumour 

progression could be tested in a pre-clinical setting by creating a conditional, lung epithelial 

tissue-specific Fer knock out on a spontaneous EGFR driven lung cancer mouse model.  

Furthermore, since the EGFR pathway is linked to metastasis of colorectal, breast and in 

glioblastoma; thus, the development of Fer inhibitors could have application for other cancer 

types as well.  Since Fer has roles in suppressing β-catenin/Wnt signaling it is worrying that the 

use of small molecule inhibitors targeting Fer may disrupt β-catenin/Wnt signaling in normal 

cells.  However, systemic suppression of Fer activity in mice had no overall phenotypes 

suggesting that targeting Fer with a small molecule inhibitor will have limited side effects.  The 

kinase inhibitor TAE684, which has been shown to inhibit Fes, has also shown binding to Fer in a 

kinome scan.  This compound, TAE684, may inhibit Fer and be a useful research tool and a 

strong lead compound for Fer specific inhibitors. 
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