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Abstract 

Fer is a member of a distinct subclass of cytoplasmic protein-tyrosine kinases with 

homology to a family of adaptor proteins that regulate membrane-cytoskeletal remodeling 

events, including receptor endocytosis. Fer has been found to promote metastasis using shRNA 

knockdown and mouse engraftment models of lung cancer and triple-negative breast cancer. 

Interestingly, in a transgenic mouse model of HER2-positive breast cancer, mice targeted with a 

kinase-inactivating mutation (ferDR/DR) had delayed tumor onset, suggesting an important role for 

Fer activity in tumorigenesis. ferDR/DR mammary tumor epithelial cells (MTECs) from these 

tumors were hyper-sensitized to EGF stimulation, and this was linked to increased rates of EGFR 

internalization. This study identifies a role for Fer kinase activity in suppressing EGFR 

mitogenic signaling, as well as metastasis. In vitro experiments were conducted to validate that a 

rescue of Fer kinase activity in ferDR/DR MTECs suppresses EGF internalization. As this was 

correlated with a suppressive effect on downstream signaling and cell proliferation, this suggests 

that the native function of Fer is to negatively regulate transduction of EGFR signals. Next, 

MTECs were examined in vivo to show that Fer disruption impairs metastasis. When cells were 

examined in vitro, loss of Fer activity was associated with impaired cell migration and increased 

susceptibility to anoikis, suggesting that Fer contributes to multiple cellular processes during 

metastasis. Fer was also examined in a structure-function study by rescuing Fer expression in 

ferDR/DR MTEC cells using a panel of domain-specific mutants. We showed that Fer activity may 

be self-regulated by F-BAR domain activity and phosphorylation of Tyr402, as targeted 

mutations in these motifs impaired both Fer auto-phosphorylation and the ability of the kinase to 

suppress EGF-linked mitogenic signaling. Together, these results suggest that Fer plays a direct 
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role in HER2-positive breast cancer by both promoting metastasis and by buffering signals 

originating from EGFR. 
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Chapter 1: Introduction 

1.1 General Introduction 

The human kinome consists of a family of 518 protein kinases that can contribute to 

cellular signaling by phosphorylating serine, threonine, or tyrosine residues on protein 

substrates. These kinases are frequently dysregulated in cancers, and many tyrosine kinases 

that have been classified as proto-oncogene products. The inhibition of kinases has been 

achieved through the use of small molecular competitive inhibitors which have been found 

efficacious in the treatment of certain cancers. 

The human epidermal receptor 2 (HER2) is a receptor tyrosine kinase (RTK) that has 

been identified as a key oncoprotein over-expressed in about 20% of breast cancers (BC)1. 

Amplification of the HER2 proto-oncogene in BC has been shown to be associated with 

metastasis to distant organs, a key contributor to cancer mortality2. Inhibition of HER2 with 

trastuzumab (TRA, Herceptin), a HER2-targeted monoclonal antibody, has led to improved 

outcomes for these patients.  

My project is an investigation of a cytoplasmic non-receptor protein-tyrosine kinase 

called Fer. Although not identified as an oncogenic driver in human cancer, Fer has been 

found to contribute to the carcinogenic process by regulating cellular signaling and 

promoting cancer metastasis. My thesis investigated the role of Fer in HER2-amplified BC. 
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1.2 Fer tyrosine kinase 

 Fer is a cytoplasmic protein-tyrosine kinase that is ubiquitously expressed. Fer (Fes-

related) is closely related to its paralogue Fes (feline sarcoma; also known as Fps, Fujinami 

poultry sarcoma) with which it shares 51% amino acid identity3,4. These two proteins comprise a 

distinct subfamily of kinases due to the presence of an N-terminal Fes/Fer/CIP4 homology 

(FCH)-containing BIN/Amphiphysin/Rvs (F-BAR) domain. Unlike Fer, the expression of Fes is 

tissue-specific, being most abundant in endothelial and myeloid cell lineages5. The substrates of 

Fer and Fes kinases are distinct and diverse6.  Important roles for these kinases and their 

substrates include regulation of membrane-cytoskeletal events including cell migration, 

transmembrane receptor signaling, and membrane dynamics6. 

 FES was discovered before FER as a cellular proto-oncogene that was incorporated into 

the genomes of transforming poultry and feline viruses7,8. The cell transformation properties of 

these viruses were dependent on the presence of a fusion protein between a GAG viral envelope 

protein and the C-terminus of Fes, including the Src homology 2 (SH2) and kinase domains. In 

this configuration, the GAG-Fes fusion protein displays a hyperactive tyrosine kinase activity 

relative to the normal cellular Fes protein. The cellular transforming ability of the fusion protein 

has been postulated to involve either interference with its normal intramolecular regulatory 

interactions, or by altering its subcellular localization dynamics7,9. Through studying changes in 

protein phosphotyrosine levels in response to expression of GAG-Fes fusions, early putative Fes 

substrates were identified; including p120RasGAP, p190RhoGAP, p62Dok, phosphatidylinositol 

3-kinase (PI3K), break-point cluster region (BCR), Src-homology-2-containing (SHC), signal 

transducer and activator of transcription 3 (STAT3), and connexin 436.  
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Using antibodies raised against the GAG-Fes retroviral fusion protein encoded by 

Fujinami poultry sarcoma virus, two endogenous cellular proteins were identified: the 92-kDa 

protein Fes, and the closely related 94-kDa protein Fer10. In addition, the product of a truncated 

transcript from the fer locus was later identified as a 51-kDa testes-specific protein called FerT11. 

Though retroviral fusion products of Fes have marked transformative potential, overexpression 

of non-fusion products of Fer or Fes do not transform human cells12. Evidence from non-

mammalian cell types suggests that the full-length protein can sometimes be transforming, as in 

Drosophila melanogaster, overexpression of kinase gene products that are homologous to Fer 

was found to be transforming13. Studying the viral Fps and Fes oncoproteins generated many 

important early insights into the functions of these and other protein-tyrosine kinases, but more 

recent research efforts have focused on identifying the normal functions of these proteins. 
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1.3 Fer kinase domain architecture 

 Fer is an 823 amino acid protein comprised of four distinct structural domains. Arranged 

from the N- to C-termini the domains are F-BAR, coiled-coil (CC), Src homology 2 (SH2), and 

the kinase domain (Figure 1). Approximately 90% of the amino acids are contained within these 

structured domains, with the remaining peptide sequences found within an unstructured 70-

amino acid loop region between the CC and SH2 domains, and a 13-amino acid region between 

the SH2 and kinase domains. Fes shares an identical domain architecture. Two separate X-ray 

crystallography structures have been solved for Fes, which have revealed the three-dimensional 

structure of the SH2/kinase domains (PDB ID: 3BKB)14; and more recently, the F-BAR/CC 

domains, which confirms the role of the F-BAR domain in dimer formation (unpublished, PDB 

ID: 4DYL) . These structures highlight tertiary interactions between adjacent domains in the two 

half protein structures; however, since the structure of the complete protein is unknown, it is not 

clear how the N-terminal domains might regulate the activity of the C-terminal SH2 and kinase 

domains. Mutations that target these domains were used to investigate Fer domain activity, 

which are shown in Table 1.  

1.3.1 F-BAR domain 

 F-BAR domains are found in a family of proteins involved in membrane-cytoskeletal 

remodeling. Fer and Fes are the only proteins that contain both an F-BAR domain and a kinase 

domain. The other F-BAR family members include SH3-domain-containing adaptors such as 

Cdc42-interacting protein 4 (CIP4), Syndapins/PACSINs, formin-binding protein 17 (FBP17), 

NOSTRIN, Cdc15p, and PSTPIP1/215. A final subset of F-BAR-containing proteins are the  
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Figure 1: Fer domain structure and mutants for structure function studies. Fer kinase is 

comprised of four domains: F-BAR, CC, SH2, and Kinase domains. In various studies, amino 

acid substitutions have been employed to study Fer. Most commonly, disruption of the kinase 

domain uses either K592R (KR) to disrupt the kinase ATP-binding fold, or D743R (DR) to 

destabilize and inactivate the kinase domain. The role of other domains of Fer will be studied 

using the mutations:  K111Q+K112Q (KKQQ), which disrupts positively charged residues that 

bind membrane phospholipids; Y402F (YF), which removes a phosphorylation site associated 

with kinase activity; R417A+R425A+H426A (FX), which alters positively charged residues that 

bind phosphatidic acid downstream of phospholipase D; and V483L+R484E (VRLE), which 

disrupts critical residues in the SH2 phosphotyrosine binding motif.  

 

 

 

 

 

CC SH2 Kinase F-BAR 

1 300 390 

DR 

(D743R) 
KR 

(K592R) 
VRLE 

(V483L+R484E) 
KKQQ 

(K111Q+K112Q) 

FX 

(R417A+R425A+H426A) 

YF 

(Y402F) 

823 563 550 460 
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Table 1: Fer mutants used in structure-function investigation 

Name Mutation Structural 

Location 

Targeted Function 

KKQQ K111Q+K112Q F-BAR Phosphatidylinositol binding 

YF Y402F Linker Site of phosphorylation 

FX R417A+R425A+H426A Linker  Phosphatidic acid binding 

VRLE V483L+R484E SH2 Phosphotyrosine binding 

KR K592R Kinase Domain Kinase activity 

DR D743R Kinase domain Kinase activity and protein 

destabilizing 
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RhoGAPs, which have domains that regulate the function of Rho-like small GTPase proteins in 

addition to an N-terminal F-BAR domain. 

By directly interacting with curved phospholipid membranes, F-BAR domains can 

remodel membrane structure. As revealed in the three-dimensional structure of Fes and CIP4, F-

BAR domains are a cluster of three extended alpha-helices with an overall curved topology16. 

These domains are thought to associate as crescent-shaped dimers with positively-charged amino 

acids on the concave surface to allow for direct interaction with negatively-charged phospholipid 

head groups extending from the surface of membranes. When studied in vitro with artificial 

phospholipid bilayers, F-BAR dimers induce local membrane curvature, and by recruiting 

additional F-BAR dimers in a lattice-like structure, they can induce dramatic remodeling of 

membrane curvature into cylindrical tubules17. In a cellular context, F-BAR family proteins 

including PACSIN2, CIP4 and FBP17 are found in both early and late stages of clathrin-

mediated endocytosis (CME)17,18. At these sites, F-BAR proteins are thought to not only bind 

and alter membrane shape, but also to recruit accessory proteins that function in endocytosis. 

Notably, SH3-adaptor proteins recruit N-WASP to promote cortical F-actin branching19,20. F-

BAR adaptors also recruit dynamin, a GTPase associated with membrane pinching activity 

required to release a formed vesicle from its original membrane21.  

Fer and Fes are indirectly associated with similar membrane cytoskeletal dynamic events 

including the regulation of receptor internalization, formation of membrane protrusions, and cell 

migration22–24. Early research revealed a distinct subcellular localization of Fes and Fer 

associated with cytoplasmic membrane vesicles25. The F-BAR domain may serve additional 

functions by regulating the activation of the kinase domain. It has been proposed that through 
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intramolecular association with the kinase domain, the F-BAR domain of Fes has a regulatory 

role in suppression of kinase activity, though this has not been shown to occur in Fer26. The F-

BAR domain likely functions to regulate access of Fer to membrane-associated substrates, as it 

has recently been shown that phosphorylation of a putative Fer substrate ezrin requires F-BAR 

localization to focal adhesion (FA) complexes27. There remain many unanswered questions about 

the function of the F-BAR domain of Fer; including how it functions to allow auto-regulation of 

Fer, association with the plasma membrane, and interactions with other proteins, including F-

BAR domain-containing adaptor proteins and associated effectors. 

1.3.2 Coiled-Coil Domain 

 The CC domain of Fer is a single bundle of two alpha-helices and is implicated in 

homotypic and heterotypic protein-protein interactions. The activation of many kinases is 

regulated through autophosphorylation at a highly conserved sequence in the activation loop. 

Intermolecular association allows for autophosphorylation in trans of this activation loop site. 

Self-association of Fer and Fes was originally reported through CC-domain mediated 

interactions. In Fes, the CC domain is critical for association into higher-order oligomers and 

promotion of trans-phosphorylation of the activation loop in the kinase domain28. Disruption of 

CC domain structure through a mutation that prevents alpha helix formation disrupted 

oligomerization and increased the transformative activity of Fes, suggesting that the N-terminus 

of Fes has auto-regulatory function26.  Although the CC-domain is critical for self-association of 

Fer into trimers, its disruption was not originally found to influence kinase activation29. Recent 

evidence suggests that the mutation M322R/L323P within the CC domain disrupts stable 

expression of Fer and prevents auto-phosphorylation27.  The CC domain may mediate additional 
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intermolecular interactions. Fer has been shown to influence cell-cell adhesion via a CC domain-

dependent interaction with p120catenin (p120ctn), an adaptor protein found within adherens 

junctions (AJ)30. Loss of active Fer expression in fibroblasts correlates with loss of protein-

tyrosine phosphatase 1B (PTP1B) recruitment to cadherin, where it is required to regulate beta-

catenin phosphorylation sites that regulate its interaction with cadherin. The result of Fer 

deficiency in fibroblasts was loss of AJ mediated cell-cell adhesion30.  

1.3.3 SH2 Domain 

 SH2 domains are highly-conserved, modular domains found in many important signaling 

proteins.  They mediate protein-protein interactions by binding to phosphotyrosine-containing 

peptide motifs. An SH2-tyrosine phosphopeptide interaction is highly specific and is regulated 

by tyrosine kinases and phosphatases that reversibly alter the phosphorylation status of the SH2-

interacting motif. The prototype SH2 was originally identified as a region within the GAG-Fes 

fusion protein of the Fujinami sarcoma virus that shared homology to Src and other tyrosine 

kinases31. Through insertional mutagenesis studies, it was revealed that disruption of this SH2 

domain in the GAG-Fes fusion protein abolished kinase activity and prevented cellular 

transformation32. SH2 domain mutations also disrupted the transformation and kinase activities 

of v-Src, and it was proposed that this domain mediates key protein-protein interactions essential 

for cellular transformation. It has also been shown that the SH2 domain has stabilizing activity 

towards the Fes kinase domain, as a three-dimensional crystal structure shows that the SH2 

domain forms a direct interaction with the regulatory αC helix to promote the active 

conformation of the kinase14. Fer has been shown to have multiple SH2-dependent functions 

including the activation of STAT3, the binding and phosphorylation of cortactin, and association 
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with a complex containing the insulin receptor substrate-1 (IRS-1) and PI3K33–35. There are 

additional Fer protein-protein interactions which could be SH2-dependent, including association 

with epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor 

(PDGFR)35. Additional interactions have been predicted based on an SH2 binding peptide 

consensus sequence, but few experiments have used direct evidence to show which interactions 

occur under physiological conditions6. 

1.3.4 Kinase domain 

 Kinase domains are highly-conserved bi-lobed structures with a substrate-binding cleft 

lying between N- and C-terminal lobes. Kinases phosphorylate substrates through a multi-step 

reaction in which: a) ATP associates with the kinase in the ATP-binding pocket; b) the kinase 

associates with a specific substrate through protein-protein interactions to align a serine, 

threonine, or tyrosine reside into the active site; c) phosphoryl transfer of the γ-phosphate of ATP 

onto the substrate; and d) dissociation of phosphorylated substrate and ADP from the binding 

pocket36. The specificity of substrates is determined based on the primary amino acid sequence 

approximately four amino acids upstream and downstream of the target residue36. 

Phosphorylation of substrates is a major post-translational modification used to modify protein 

function in cellular signaling pathways. The consensus recognition sequence for Fes has been 

predicted based on peptide library screening as EEEIYEEIE37. Despite the kinase domains of Fer 

and Fes being highly homologous, it is not clear how they bind substrates differently. Most 

research on Fer and Fes have been conducted independently, though they have been 

demonstrated to phosphorylate similar substrates in vitro including tubulin38,39, platelet-

endothelial cell adhesion molecule-1 (PECAM1)40,41, and collapse response mediator proteins 
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(CRMPs)39,42. Other critical differences between Fer and Fes leading to different substrate 

profiles may be associated with distinct sub-cellular localizations, upstream activators, and auto-

regulatory interactions. 

Though the three-dimensional structure of the kinase domain of Fer has not been 

reported, there is high homology to the kinase domain of Fes, which was solved by X-ray 

crystallography together with the SH2 domain14. The activation of Fes is predicted to be typical 

of other kinases, though the close association of the SH2 domain with the kinase domain 

suggests that phosphotyrosine recognition of proteins is tightly linked to kinase activity and 

substrate phosphorylation14. Multimerization of Fer may allow for trans-auto-phosphorylation of 

multiple tyrosine residues, including Tyr402 between the CC and SH2 domains, and Tyr715 on 

the activation loop of the kinase domain43. Many kinases are activated by upstream signals that 

cause phosphorylation of the activation loop in the kinase domain, and it has been shown that 

Tyr715 phosphorylation is critical for kinase activity27. The role of other tyrosine 

phosphorylation sites on Fer, including Tyr402, is unknown. Fer may be regulated as well by the 

activity of other kinases, including Src, which has been suggested to phosphorylate Fer to initiate 

an in trans auto-phosphorylation cascade to activate Fer at FAs27.  

When studying the activity of Fer, amino acid substitutions have been used to alter 

critical residues within the kinase domain. A kinase inactivating mutation in Fer, lysine (K)-592 

to arginine (R), disrupts a key positively-charged residue in the conserved ATP-binding loop25. 

Stability of the kinase domain has been shown to be essential for proper expression of the 

protein. A targeted mutation in fer resulting in an aspartate (D)-743 to arginine (R) mutation has 

been incorporated into transgenic mice, leading to reduced stable expression of Fer, and 
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complete loss of kinase activity44. The location of this residue has been mapped to sub-domain 

IX in the kinase domain, for which the change from an acidic to basic residue was predicted to 

be particularly disruptive to local tertiary interactions45.  

1.4 Fer and regulation of cellular signaling 

 Fer has been associated in a general fashion with three main membrane-localized receptor 

types: growth factor receptors, integrin FAs, and AJs6. Fer is believed to participate in the 

modulation of the signals originating from these locations, including signals from one site to 

another in a cross-talk fashion. 

1.4.1 Growth Factor Receptors 

Growth factor signaling occurs through ligand activation of transmembrane receptors to 

transduce signals to intracellular downstream effectors. There are many types of growth factor 

receptors which activate tyrosine phosphorylation-based signaling, including RTKs and cytokine 

receptors. For many RTKs, ligand binding induces autophosphorylation to cause recruitment of 

phosphotyrosine-interacting proteins that simultaneously activate multiple downstream signaling 

pathways such as the Ras-MAPK and PI3K-AKT signaling axes. Active signals at growth factors 

are rapidly inactivated, as epidermal growth factor (EGF)-activation of EGFR leads to rapid 

internalization of the ligand and receptor with a half-life of less than 2 minutes46. Mechanisms of 

receptor internalization include both clathrin-mediated endocytosis (CME) and non-clathrin 

endocytosis (NCE). At low concentrations of EGF (1.5ng/ml), EGFR internalization occurs 

primarily through CME, which facilitates sustained downstream signaling by promoting 

recycling of internalized vesicles back to the external plasma membrane47. At higher 



13 

 

concentrations of EGF (>20ng/ml), increased amounts of ligand and receptor are internalized 

through NCE, which leads to degradation of the receptor by trafficking vesicles to lysosomes47. 

F-BAR domain containing proteins including FBP17, CIP4, and PACSINs play direct roles in 

altering the membrane during CME and NCE16,48. Recently, it has been shown that disruption of 

Fer accelerates EGFR internalization, leading to hyper-sensitization of the downstream signaling 

pathways to EGF-stimuli and pharmacological EGFR inhibition22. The mechanism by which Fer 

inhibits internalization of EGFR is unknown, although Fer could play a role in blocking adaptors 

that promote endocytosis, such as GRB222. Fer has also been found to have a cluster of 

positively-charged amino acids between the CC and SH2 domain that interact with phosphatidic 

acid, which is produced by phospholipase-D (PLD) at the neck of budding vesicles to promote 

recruitment of dynamin49. Phosphatidic acid was also reported to potentiate Fer activity, though 

it is not known if this function plays a role in endocytosis49. Fer is known to phosphorylate 

cortactin, which is found localized to clathrin-coated pits and influences endocytosis by 

interaction with dynamin promoting formation of endocytosis-associated actin filaments50.  

In addition, Fer has been shown to participate in the pathways activated downstream of 

growth factor receptors. Early research on the activation of Fer showed that EGF or platelet-

derived growth factor (PDGF) stimulation of fibroblasts led to Fer phosphorylation.51. This 

activation is thought to occur directly, as Fer has also been found in direct association with 

EGFR and PDGFR upon stimulation, potentially through SH2-domain mediated interactions51. 

Once activated at sites of EGFR activation, Fer could regulate downstream signaling by 

phosphorylation of EGFR-associated substrates including PECAM-1 and Shp2 phosphatase40, 

regulation of receptor internalization22, or mediating cross-talk signaling to other receptors, 
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including integrins27. Downstream of EGFR and vascular endothelial growth factor receptor 

(VEGFR), Fer promotes mitogenic MAPK signaling through activation of ERK22,52. Fer has been 

also associated with activation of other pathways including the phosphorylation of STAT3 

downstream of multiple receptor systems, including PDGFR, insulin receptor, and the 

interleukin-6 receptor34,53,54. The mechanism by which Fer regulates STAT3 phosphorylation 

may be indirect, as evidence suggests that this occurs independently of kinase activity, possibly 

through acting as an adaptor to promote activation of Src kinase and its phosphorylation of 

STAT354. Evidence indicates that Fer and Src kinases interact directly to regulate the activation 

of each other’s kinase domains, leading to phosphorylation of downstream STAT3 signaling and 

phosphorylation of ezrin in cross-talk activity from growth factor receptors to integrins27,54.  

1.4.2 Integrins and Cell Migration 

 Integrins are transmembrane receptors that bind extracellular matrix (ECM) components 

to mediate cell adhesion to the substratum. They exist as heterodimers of α and β subunits that 

have extracellular domains to mediate interactions with ECM components, including collagen, 

fibronectin and laminin. Integrins also have a transmembrane helix that connects the 

extracellular domain to an intracellular domain, linking the receptor to cytoskeleton components 

including actin and tubulin. In mammalian cells, there are 24 integrin heterodimers that form 

from the 18 α subunits and the 8 β subunits55.  The heterodimers differ in their functional 

properties and expression patterns, and it is the α subunit that typically determines the preferred 

ECM ligand56. Integrin heterodimers form stable sites of cell-substratum adhesion at FAs where 

there is association with multiple structural and signaling components57. Structural components 

include adaptors that mediate protein-protein interactions such as talin, paxillin, vinculin, zyxin, 
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p130Cas, and α-actinin58. Critical to FA stability is association with actin stress fibres, mediated 

by actin-interacting adaptor proteins α-actinin and vinculin. In addition, FA signaling 

components include focal adhesion kinase (FAK) and Src kinase. FAK is a critical regulator of 

FA function and is associated with promoting formation of FA complexes, regulation of cell 

shape, and cell motility57. During cell migration, formation and regulation of FAs are regulated 

in a temporal and spatial fashion. The four main steps of cell migration are: a) branching of 

filamentous actin (F-actin) to protrude at the leading edge; b) the formation of FAs at the leading 

edge of the cell; c) cell body contraction along actin stress fibres; and d) disassembly of FAs at 

the trailing edge58. When cells are migrating, optimal migration efficiency is achieved at 

intermediate stability of FAs, such that assembly and disassembly can occur rapidly58.  

 Loss of Fer has been associated with reduced cell migration in multiple cell types 

including fibroblasts59, triple-negative breast cancer (TNBC) cells24 and lung adenocarcinoma 

cells23. A role for Fer at FAs was originally identified as a cross-talk interaction from AJs60. In 

this experiment, cell permeable peptides were used to inhibit a critical interaction between Fer 

and N-cadherin, which led to detection of Fer in association with FAK, and this was correlated 

with loss of p130Cas tyrosine phosphorylation60. Fer has also been associated with tyrosine 

phosphorylation of cortactin to promote cortical F-actin branching59, phosphorylation of guanine 

exchange factor Vav2 to promote Rac1 activity at lamellipodia23, and Src-induced 

phosphorylation of ezrin at FAs27. More recent evidence has shown that Fer may function to 

regulate surface expression of integrins, as shRNA-mediated knockdown of Fer in TNBC cells 

inhibited cell migration and increased surface levels of α6- and β1- integrins to increase adhesion 

to collagen and laminin24. During cell migration, integrin receptors become internalized through 
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clathrin-mediated endocytosis for trafficking and recycling, though a role for F-BAR domain 

proteins within this pathway has not been identified61. The extent that Fer is required for proper 

integrin function in vivo is not clear, as disruption of Fer in transgenic mice does not lead to 

embryonic lethality or any overt developmental defects44.  

1.4.3 Adherens junctions  

 AJs are comprised of transmembrane receptors that are intracellularly linked to the 

cytoskeleton by adaptor proteins. The principal transmembrane component of an AJ is a 

cadherin, for which there are multiple types including the classical cadherins N-cadherin 

(neuronal), E-cadherin (epithelial), and VE-cadherin (vascular endothelial). The names of 

classical cadherins are derived from the tissues from which they were originally identified, 

though despite differences in tissue specificity, they are widely expressed. Cadherins 

homodimerize at the cell surface and associate in a calcium-dependent interaction with an 

additional homodimer pair expressed on an adjacent cell62. Intracellularly, cadherins form an 

interaction with adhesion associated proteins β-catenin and α-catenin, the latter being essential to 

mediate association of AJs with cortical F-actin.  Cadherin functions are vital for development, 

and in cancer their dysregulation is associated with the promotion of migration, invasion, 

proliferation, and the epithelial to mesenchymal transition (EMT)63.  

Fer directly interacts with regulatory components of AJ including p120ctn and the 

PTP1B, both of which are associated with regulating the core stability of AJ. The CC domain of 

Fer interacts with p120ctn, which binds with N-cadherin at a juxtamembrane intracellular 

sequence60. Though not completely understood, p120ctn is critical for regulation of cadherin 

function, since preventing their association leads to rapid cadherin endocytosis through an 
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unknown mechanism64. When recruited to AJs in a p120ctn-dependent fashion, Fer has been 

shown to phosphorylate PTP1B to promote its association with cadherin, allowing it to 

dephosphorylate Tyr654 on β-catenin, which stabilizes actin fiber connections to the AJ 

complex30. Through this mechanism, Fer is thought to promote stability of AJs. Mouse 

embryonic fibroblasts harbouring a homozygous D743R kinase-inactivating mutation in Fer have 

two-fold reduced intercellular adhesion strength relative to wild-type cells65. This suggests that 

Fer plays a critical role in the stability of AJ, both directly and by regulating the activity of other 

associated proteins including PTP1B and cortactin. 

1.5 HER2-positive breast cancer 

 Breast cancer is the most common type of cancer in Canadian women with an estimated 

25,200 new diagnoses expected in 201566. Approximately 5,000 women will die from BC in 

2015, second only to lung cancer66. In determining a prognosis and assessing treatment options 

for BC patients, the disease is classified into molecular subtypes based on the expression status 

of three receptors: estrogen receptor (ER), progesterone receptor (PR) and HER2. Based on 

molecular profiling of these receptors in tissue biopsies, BC is categorized into three main 

subgroups: luminal (ER/PR-positive, HER2-negative; divided into luminal A and luminal B, the 

latter having either HER2-positivity or high Ki67 stain indicating increased grade), HER2-

positive (ER/PR-negative, HER2-overexpression), or basal (ER/PR-negative, HER2-negative)67. 

HER2-positive BC are less common, comprising approximately 20% of all BC subtypes1. 

However, HER2-positive BC are deadlier, having an approximate 2.5 fold higher mortality 

relative to luminal A cancers68. HER2-enriched BCs also have a greater likelihood of 

metastasizing, as at diagnosis there is a 2.2 fold greater likelihood of having advanced disease for 
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HER2-postive BC relative to luminal A cancers69. Therefore HER2-positive BC represents a 

smaller but more aggressive subgroup of BC. 

 HER2/ErbB2 is a RTK that is a member of the ErbB family of receptors. The other 

members of this family include EGFR/ErbB1/HER1, ErbB3/HER3, and ErbB4/HER4. Each is a 

transmembrane RTK with an extracellular ligand-sensing domain connected by a membrane 

spanning peptide to an intracellular kinase domain. These receptors become activated upon 

binding of a ligand to activate intracellular tyrosine phosphorylation leading to a signaling 

cascade and multiple downstream events including growth, proliferation, survival and 

migration70. There are ten ErbB/HER family ligands which include EGF, transforming growth 

factor-α (TGF-α), amphiregulin (AREG), betacellulin (BTC), heparin-binding EGF-like growth 

factor (HB-EGF), epiregulin (EREG), and four neuregulins (NRGs 1-4)70. Different ligands can 

activate only a subset of the ErbB family of receptors, with certain ligands binding exclusively to 

one receptor (EGF to EGFR), and others with dual specificity (BTC to either EGFR or HER4)70. 

Upon binding of ligand to a receptor, the receptor can dimerize with another activated receptor to 

signal intracellularly. Though HER2 does not have a naturally occurring ligand, it is a preferred 

dimerization partner for other activated HER receptors. HER2 is also found in association with 

HER3 which lacks an active intracellular kinase domain and requires a different HER receptor 

partner to become transactivated71. Binding induces trans-activation of intracellular kinase 

domains and subsequent tyrosine phosphorylation of multiple tyrosine residues, including 

several in the C-terminal domain (CTD). Downstream signaling events are mediated through 

recruitment to these tyrosine phosphorylation sites SH2- or phosphotyrosine binding (PTB)-
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domain containing adaptors and their associated effectors. This leads to cascades of signals that 

regulate a variety of cellular processes.  

 The involvement of HER2 as a proto-oncogene was first suggested when the rat homolog 

Neu was identified as an oncogene in rat neuroblastoma tumors72. Its oncogenic properties in 

human BC became evident when its overexpression was associated with poor patient outcomes, 

including shorter survival73. HER2 protein levels are amplified 100-fold in HER2-positive BC 

tumors, often associated with increased gene copy number at its location on chromosome 1774. 

When overexpressed, HER2 drives constitutive downstream signaling, which is proposed to 

occur through promiscuous binding to HER partners including EGFR and HER3. Cell 

transformation in vitro by HER2 overexpression was shown to only occur when an additional 

HER receptor was co-expressed, highlighting the continued dependence of HER2 oncogenicity 

on RTK dimerization75.  

HER2-targeted drugs are effective for HER2-positive BC, leading to improved patient 

outcomes. Trastuzumab (TRA) is a humanized mouse monoclonal antibody that targets an 

extracellular region of the receptor proximal to the plasma membrane. Although its exact 

mechanism of action is unknown, it is thought to inhibit RTK dimerization. TRA was the first 

kinase targeted therapy approved for clinical use in 1998, after clinical trials showed it to be 

efficacious for treating HER2-positive metastatic BC76. In 2008, TRA was found effective when 

used in the adjuvant setting, a period that follows primary treatment by surgery, radiation and 

chemotherapy77. Other HER2-targeted agents have been approved for treatment of metastatic 

BC, including adotrastuzumab emtasine, a form of TRA conjugated to a cytotoxic microtubule 

targeting agent, and pertuzumab, a humanized monoclonal antibody that targets a separate 
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epitope on the HER2 receptor78. Though these drugs extend survival, use of TRA is limited since 

response is only found in a patients having highest overexpression of HER2, response duration 

extends survival of metastatic disease by only 13 months, and recurrent disease is commonly 

resistant to further inhibition of HER276. Due to limited treatment options for this disease, there 

is a need to better understand the mechanisms of disease progression, including the identification 

of alternate therapeutic targets whose inhibition could provide benefit to patients.  

1.6 A Role for Fer in Breast Cancer 

 Currently, a role for Fer in promoting cancer has been identified in breast, prostate and 

lung cancer22–24,79. Even more interestingly, Fer has been shown to be integral for promoting 

metastasis, the ultimate cause of mortality caused by most carcinomas23,24. 

Aggregate clinical gene expression data show that in breast tumors of all subtypes, high 

fer expression is associated with significantly reduced relapse-free survival (Figure 2)80. 

Immunohistochemical analysis of Fer expression in a population of patients having invasive BC 

has also revealed that high Fer expression is associated with higher histological grade, higher 

mitotic activity index, larger tumor size, TNBC subtype, and positive expression of EGFR 

receptor24. Further data support a role for Fer in aggressive cancers, as higher Fer expression was 

found in cell lines originating from the more aggressive TNBC subtype24. When this was 

examined by targeting Fer by shRNA knockdown in TNBC cells, significant defects were found 

in the ability of cells to metastasize to the lung from a primary orthotopic tumor24. The formation 

of distant metastases occurs in advanced tumor stages and has multiple steps that cells must  
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Figure 2: High Fer expression correlates with reduced relapse-free survival across all breast 

cancer patients. A publicly-available web tool to analyze transcriptomic microarray data reveals 

that for 3554 patients representing all subgroups of BC, high expression of fer correlates with 

reduced relapse-free survival (RFS) (Hazard Ratio = 1.19 [1.06-1.33], p=0.0029)80. Web tool 

available at http://kmplot.com/. 
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undergo including: dissemination of cells from tumor by local invasion, intravasation into blood 

or lymph vessels, survival in the circulation, extravasation at a distant organ site, and continued 

proliferation to form a metastatic lesion81. Fer can influence many of these steps, as shRNA 

knockdown of Fer in TNBC cells has been shown to impair cell migration, cell invasion, and 

increase susceptibility to anoikis, an apoptotic pathway that becomes activated in the absence of 

integrin engagement24. 

When studied at the primary tumor, Fer expression does appear to have effects that 

promote tumor initiation and growth. In an MMTV-Neu driven transgenic mouse model of 

HER2-positive BC, genetic disruption of Fer with the kinase-inactivating mutation D743R lead 

to significantly delayed tumor onset relative to wild-type mice22. In this model, loss of Fer 

contributed to dysregulation of EGF responsiveness, leading to reduced proliferative rates in 

early tumorigenesis. In prostate cancer, Fer activity was associated with IL-6 and PDGF-β 

associated STAT3 activation, and disruption of Fer reduced cell survival and formation of 

colonies in soft agar34. Another intriguing effect is the observation that Fer promotes cell-cycle 

progression in prostate cancer and TNBC cell lines through the activation of protein phosphatase 

1 upstream of cyclin-dependent kinases82. Increased Fer expression has been observed in 

malignant prostate tumors relative to benign prostate tumors79. This was also found in non-small 

cell lung carcinomas where Fer expression was upregulated relative to patient-matched normal 

lung tissue23. This suggests that in particular contexts, Fer promotes disease progression at the 

primary site, though a more significant role has been identified in promoting cancer metastasis.   
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1.8 Hypothesis and Research Objectives 

 In this thesis, I intended to explore roles for Fer in promoting HER2-positive BC 

metastasis.  The previous literature suggested that Fer is pro-metastatic, although this has not 

been shown to occur in a model of HER2-positive BC. Cell lines generated from MMTV-Neu 

driven tumors were used as a model for HER2-positive BC. Potential roles for Fer were studied 

by making comparisons between wild-type (fer+/+) and ferDR/DR cells that have the destabilizing 

and kinase-inactivating Fer mutation, D743R. By rescuing Fer function in the ferDR/DR cells, I 

studied Fer-related cell phenotypes, including receptor internalization, growth-factor 

responsiveness, and metastasis-associated cell behaviours. Orthotopic engraftment studies were 

also used to study the effects of Fer on in vivo tumor growth and metastasis. 

 The second aim of my thesis was to examine Fer activity and its requirement of specific 

protein domains. To study this, I used a structure-function approach employing a panel of 

recombinant Fer constructs. The ferDR/DR
 cell line has been shown to have inactive, destabilized 

Fer expression44. By incorporating ectopic expression of Fer mutants in these cells, I sought to 

learn how various domains contributed to Fer functions.  
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Chapter 2: Materials and Methods 

2.1 Cell lines and culture technique 

Mammary tumor epithelial cells (MTECs) were generated as previously described from 

MMTV-Neu (neuNT)-driven mouse mammary tumors22. Cells were cultured from neuNT-driven 

tumors that arose in either fer+/+ or ferDR/DR mice, the latter having the mutation D743R to disrupt 

stable expression and kinase activity of Fer. MTECs were cultured in improved minimal 

essential medium (iMEM; Life Technologies Inc., Burlington, ON) with 2% (v/v) FBS, 15ng/mL 

EGF, 10µg/mL insulin, 1µg/mL hydrocortisone, 20µM estradiol, and 1% (v/v) antibiotic-

antimycotic. MTECs were passaged every 2-3 days and incubated at 37ºC and 5% CO2. To 

prepare cells to be subcultured, growth media was aspirated from dishes and cells were rinsed 

with 5mL PBS. After aspirating PBS, a 1:1 mixture of 0.25% trypsin-EDTA in PBS was added 

until cells detached from the plate. To neutralize trypsin, the resulting cell suspension was mixed 

with iMEM containing 20% FBS. Cells were pelleted by centrifugation at 700 rpm for 5 minutes 

and then re-suspended in growth medium to be subcultured. Human Embryonic Kidney 293T 

cells (HEK293T; American Type Culture Collection, Manassas, VA) were cultured as 

recommended in Dulbecco’s Modified Eagle Medium with 10% FBS, 1% antibiotic-antimycotic, 

and 2mM glutamine. 

2.2 Viral Transduction of MTECs 

 Ectopic expression of Fer within ferDR/DR MTECs was performed by retroviral 

transduction using the  pMSCVpuro vector(Addgene, Cambridge, MA) engineered to encode 

murine Fer cDNA with a C-terminal Myc epitope tag. Kinase-dead Fer sequence having the 
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mutation K592R was previously generated45. Additional Fer variants were generated through 

site-directed mutagenesis of the wild-type Fer sequence using QuikChange XL Mutagenesis Kit 

(Stratagene, Santa Clara, CA) according to the manufacturer’s instructions. The mutations 

generated include SH2 domain mutant V483L/R484E (VRLE), F-BAR domain mutant 

K111Q/K112Q (KKQQ), putative site of tyrosine phosphorylation Y402F (YF) and phosphatidic 

acid interacting motif R417A/R425A/H426A (FX). For primer sequences, see Appendix A. All 

mutational changes were verified by DNA sequencing.  

 To produce retrovirus, empty pMSCV vector (EV) or pMSCV vector containing Myc-

tagged Fer sequence was transfected into HEK293T cells along with the retroviral packaging 

plasmid Ecopack, encoding gag, pol and env. Cells were transfected using PolyJet reagent 

(FroggaBio, Toronto, ON) according to the manufacturer’s instructions. After incubation 

overnight, cells were replenished with fresh growth medium and incubated for an additional 24 

hours to allow virus production. Virus-containing medium was collected, filtered through a 

0.45µm filter, and added to an equal volume of fresh iMEM growth media. The solution was 

added to ferDR/DR MTECs with 5µg/mL polybrene. Collection and application of virus to MTECs 

was repeated the following day. To select for transduced MTECs, 2µg/mL puromycin was added 

to growth medium for 3-5 days until complete cell death was observed in a replicate dish of 

untransduced cells.  
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2.3 EGF stimulation and immunoblotting 

 To detect ectopic expression of Fer and sensitivity to EGF treatment, cells were 

stimulated with EGF for analysis by immunoblotting. Cells were seeded at 60% confluency in 

60mm tissue culture dishes and cultured in serum-free media for 16 hours. The following day, 

the existing media was aspirated from cells and 50ng/mL EGF in serum free media was applied 

directly for 0, 2.5, 5, or 15 minutes. At the end of the stimulation, media was aspirated from cells 

and dishes were placed on ice. Cells were rinsed with 5mL cold PBS containing 100µM sodium 

orthovanadate. After aspirating PBS, cell lysates were prepared by adding 500µL of 

radioimmunoprecipitation assay (RIPA) lysis buffer (10mM Tris pH 7.2, 158mM NaCl, 1mM 

EDTA, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100) supplemented with protease and 

phosphatase inhibitors (10µg/mL aprotinin, 10µg/mL leupeptin, 100µM sodium orthovanadate, 

100µM phenylmethylsulfonyl fluoride). Cells were scraped with a rubber policeman and lysates 

were transferred to 1.5mL micro-centrifuge tubes. Samples were mixed by vortexing for 10s and 

then clarified by centrifugation at 13 000 x g for 15 minutes at 4ºC. The supernatant was 

transferred to a new tube and protein concentration was quantified using the Bradford 

colorimetric assay83. After normalization of protein concentrations by dilution in lysis buffer, 

samples were denatured by adding 1/5 volume of 6X SDS sample buffer (375mM Tris-HCl pH 

6.8, 6% SDS, 48% glycerol, 9% 2-mercaptoethanol, 0.03% bromophenol blue) and boiled for 5 

mins at 95ºC. 

 To detect proteins by immunoblotting, samples were first resolved by SDS-PAGE. 

Protein samples were loaded onto 7.5% poly-acrylamide gels and resolved by electrophoresis. 

Using a Bio-Rad semi-dry transfer apparatus, protein was transferred to Immobilon-P 
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polyvinylidene fluoride membrane (Millipore, Etobicoke, ON). Membranes were blocked for 30 

minutes in 5% skim milk in TBS-T (50mM Tris, 150mM NaCl, 0.05% v/v Tween 20) and then 

incubated overnight at 4ºC with primary antibody diluted in 5% bovine serum albumin (BSA) in 

TBS-T. The following day, membranes were washed 3 x 5 mins in TBS-T and incubated for 1 

hour with appropriate secondary antibody (either mouse anti-rabbit horseradish peroxidase 

(HRP) or rabbit anti-mouse HRP; Cell Signaling, Danvers, MA). After an additional 3 x 5 min 

washes in TBS-T, protein detection was completed using enhanced chemiluminescence HRP 

substrate (Perkin Elmer, Waltham, MA) and exposing membranes to X-ray film. Primary 

antibodies included anti-Myc ascites (1-9E10.2 mouse hybridoma from American Type Culture 

Collection), anti-Fer antibody (FerLA antibody produced as previously described84), anti-α-

tubulin antibody (Sigma Aldrich, Oakville, ON), anti-phosphotyrosine PY99 (Santa Cruz, 

Dallas, TX), phospho-ERK1/2 (Thr202/Tyr204; Cell Signaling), and phospho-AKT (Ser473; 

Cell Signaling). All primary antibodies were diluted at 1:1000 (antibody:diluent) with the 

exception of anti-α-tubulin which was diluted at 1:10000. Secondary antibodies were diluted at a 

ratio of 1:5000. 

2.4 EGFR Internalization Assay 

Assessment of EGFR internalization kinetics was conducted using a microtiter plate-

based assay to track temporal changes in the intracellular and surface bound amounts of biotin-

tagged EGF22. MTECs seeded in a 96-well microtiter plate were serum starved for 16 hours and 

stimulated with 100ng/mL biotin-EGF for up to 30 minutes. Surface bound levels of biotin-EGF 

were assessed by paraformaldehyde fixation of cells followed by incubation with streptavidin-

conjugated peroxidase for spectrophotometric detection of oxidized reagent at 450nm. In a 
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duplicate dish, internalized biotin-EGF was assessed by preceding fixation with an acid wash to 

remove surface bound biotin-EGF and membrane permeabilization steps. Internalization rates 

were assessed by determining the rate of change in the ratio of signals from internalized EGF and 

surface EGF. 

2.5 Cell proliferation assay 

 To assess the proliferative rate of cells, 5000 MTECs were seeded into the wells of a 12 

well dish and incubated for up to five days. At 24 hour intervals, medium was aspirated and cells 

were washed with 1mL PBS. Cells were detached from the dish by the addition of 0.5mL trypsin 

for 10 minutes. Cells were directly counted by a Beckman Coulter Z series cell counter 

(Beckman Coulter, Mississauga, Ontario). For each time point, three triplicate wells were 

counted. The total number of cells per well was determined and normalized to the number of 

cells counted on the first time point. Rates of proliferation were calculated by modeling results 

by exponential non-linear fit. 

2.6 Orthotopic Engraftment of MTECs 

 To label MTECs for fluorescent detection, cells were transduced with lentivirus encoding 

a GFP reporter. To prepare virus, HEK293T cells were transfected by standard calcium 

phosphate precipitation method. The transfected mixture of DNA contained pWPXLd-GFP 

vector (Addgene), pCMV-ΔR8.91 packaging vector (Addgene), and pMD2.G envelope vector 

(Addgene). Virus was prepared and used to transduce cells as described above. Expression of 

GFP was verified by fluorescent microscopy. 
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 One million GFP-labelled cells were suspended in an equal ratio of PBS:Matrigel (BD 

Biosciences, San Jose, CA) and injected using a Hamilton syringe into the fourth inguinal 

mammary fat pad of a Rag2-/-|IL2Rγc-/- immunocompromised mouse. Once tumors could be 

palpated, each tumor size was measured by caliper measurements every two days. To extend the 

experiment timeframe before metastasis was assessed, tumors were resected in each group of 

mice by recovery once the average volume reached ~900mm3. Eleven days after tumor resection, 

mice were euthanized and organs were resected and analyzed by fluorescent imaging to detect 

macroscopic metastasis. All animal experiments were approved by the Queen’s University 

Animal Care Committee and undertaken in accordance with the principles and guidelines of the 

Canadian Council on Animal Care. 

2.7 Cell Migration Assays 

 To assess the role of Fer in cell migration, two separate assays were employed. The ORIS 

Cell Migration Assay (Platypus Technologies, Madison WI) was used to compare cell migration 

of MTECs in the presence of growth factor containing medium with and without added 50ng/mL 

EGF. Cells were seeded and grown to confluency within the wells of a microtiter plate in which 

a plug blocked cells from occupying a central circular region. The plug was removed and cells 

were allowed to migrate into this central area for 24 hours. DAPI was used to label cell nuclei for 

detection of cells by fluorescence microscopy. The number of cells which had migrated into to 

the previously clear central area was determined by comparison to images taken immediately 

after removal of plug.  
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 A wound healing assay was also employed to determine rates of migration of transduced 

MTECs. Cells were plated within a 6-well dish previously scraped with reference marks. After 

growth to complete confluency, cells were cultured in serum-free media for 16 hours. Cells were 

stimulated with growth factor or drug-containing media and scratched with a 200µL pipette tip 

across the reference marks. Conditions analyzed included 50ng/mL EGF, 50ng/mL PDGF-β, 

50ng/mL hepatocyte growth factor (HGF), and 10µM lapatinib. Images were captured at 40X 

magnification at 0, 3 and 6 hours. Image analysis was performed by Photoshop CS6 to align 

photos and determine rates of cell migration-mediated closure of the wounded areas.  

2.8 Hanging Drop Assays 

 Subconfluent monolayers of cells were harvested using trypsin and diluted to a final 

concentration of 2500000 cells/mL. To ensure a single cell suspension, cells were triturated 

through a P200 pipette tip ten times and then placed on the lid of a 60mm tissue culture dish in 

10µL drops. These lids were inverted over dishes containing PBS to maintain humidity and 

incubated at 37ºC/5% CO2 for up to 96 hours. At 24 hour time points, drops were analyzed to 

determine cell viability by mixing with 10µL of Trypan Blue, flattened with a coverslip and 

examined by microscopy. For each time point, at least 200 cells were counted to determine 

relative numbers of clear (viable) and blue (non-viable) cell aggregates.  

2.9 Computational Modeling of Fer Three-Dimensional Structure 

 Crystal structures for human Fes SH2/kinase domains (Protein database (PB code: 

3BKB) and human Fes F-BAR/CC domains (PDB: 4DYL) were retrieved from the Protein 

Database. Using RaptorX web server, template-based protein modeling was used to generate a 
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hypothetical three-dimensional structure of the full-length human Fer sequence using the Fes 

crystal structures as templates. Further three-dimensional analysis was conducted using PyMOL 

software. 

2.10 H2O2-stimulation and Fer Immunoprecipitation 

 Subconfluent cells were serum-starved as described above and treated with 9mM H2O2 

for 0, 10 or 20 minutes to inhibit tyrosine phosphatase activity to facilitate detection of Fer 

kinase activity. Cells were rinsed with cold PBS with 100µM sodium orthovanadate and then 

lysed in NP-40 lysis buffer (50mM Tris pH 7.7, 150mM NaCl, 0.5% NP-40) with added protease 

inhibitors (as above) for 15 minutes on ice. Plates were scraped with a rubber policeman, 

collected into microcentrifuge tubes, vortexed for 10 seconds, and clarified by spinning at 13000 

x g for 15 minutes at 4ºC. Protein concentration was normalized with a Bradford protein 

quantification assay as described above. 400µg of protein were incubated with 2µL of anti-FerLA 

polyclonal rabbit serum overnight at 4ºC with gentle shaking. The following morning, samples 

were incubated with 20µL of Gammabind sepharose beads (GE Healthcare, Mississauga, ON) 

for 3 hrs at 4ºC with gentle shaking. Immunoprecipitates were washed with 500µL cold NP-40 

lysis buffer five times, with one minute spins at 13 000 x g to pellet beads at each iteration. The 

precipitated beads were added to an equal volume of 2X SDS sample buffer and then boiled at 

95ºC for 5 minutes prior to immunoblot analysis as described above.  

Following detection of phosphotyrosine signal with anti-phosphotyrosine primary 

antibody, immunoblots were treated with mild stripping buffer to allow for re-incubation with 

anti-Fer antibody to detect total protein loaded. Membranes were rinsed with TBS-T and then 
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placed in mild stripping buffer (200mM glycine, 0.1% SDS, 1% Tween-20, pH 2.2) for 10 

minutes to strip conjugated antibodies. Membranes were thoroughly washed for 2 x 10 minutes 

in PBS and 2 x 5 minutes in TBS-T. Membranes were re-blocked with 5% skim milk powder in 

TBS-T and then incubated with anti-Fer primary antibody for immuno-detection as described 

above.  

2.11 Statistical Analysis 

 To determine rates of proliferation and tumor growth, data were modelled using 

exponential non-linear fit. To determine curves describing EGFR internalization, modelling by 

one-phase exponential association was used. Modelled curves were compared using sum-of-

squares F test. Other statistical comparisons include student’s t-test and analysis of variance 

(ANOVA). All statistical modelling and comparisons were conducted using Graphpad Prism.  
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Chapter 3: Results 

3.1 Transduction of Fer-Myc constructs into ferDR/DR MTECs 

 To study the role of Fer in a model of HER2-positive BC, mouse tumor epithelial cells 

(MTECs) were cultured from mammary carcinomas that developed in the mammary fat pad of 

neuNT mice. Two different cell lines were generated, either from a wild-type neuNT|fer+/+ mouse 

(WT) or a neuNT|ferDR/DR mouse that harbours the Fer targeted mutation D743R. This mutation 

has been described previously to both abolish kinase activity and prevent stable expression of the 

kinase44. ferDR/DR MTECs (DR) were then modified by retroviral transduction to rescue 

expression of wild-type Fer (DR-WT). Parallel transduction of ferDR/DR MTECs with empty 

vector (DR-EV) was used as a negative control. In additional experiments to study the role of Fer 

domains in regulating activity, different Fer mutants were transduced into ferDR/DR
 MTECs 

including kinase-dead mutant K592R (DR-KR), F-BAR domain mutant K111Q/K112Q (DR-

KKQQ), SH2 domain mutant V483L/R484E (DR-VRLE), tyrosine phosphorylation site mutant 

Y402F (DR-YF), and phosphatidic acid binding site mutant R417A/R425A/H426A (DR-FX). 

All Fer constructs were expressed with a C-terminal Myc epitope tag. To test for successful 

transduction of Fer mutant constructs in puromycin-selected cells, immunoblotting of cell lysates 

was performed to detect levels of expression using either Fer-specific antibody or anti-Myc 

antibody (Figure 3). All cell lines with the exception of DR-EV showed a band detected by both 

Fer-specific and anti-Myc antibodies. This band also corresponds to the predicted 120kDa 

molecular weight of Myc-tagged Fer.  
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Figure 3: Immunoblotting of transduced Fer-Myc constructs in ferDR/DR MTECs. Retrovirus 

encoding a C-terminal Myc-tagged Fer construct or an empty vector control was prepared and 

used to transduce ferDR/DR MTECs. After puromycin selection of transduced cells, lysates were 

prepared and analyzed by immunoblotting to detect expression of retrovirally-encoded Fer (Fer-

Myc) for each of the cell lines using Fer-specific antibody and anti-Myc epitope antibody.  

Residual mutant endogenous Fer (D743R) protein was also detected with Fer-specific antibody 

(Fer).  Immunoblotting with anti-tubulin was performed as a loading control. 
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3.2 Fer kinase activity inhibits EGFR internalization 

 Previously it was shown that compared to wild-type MTECs, downstream MAPK 

signaling in ferDR/DR MTECs was hyper-sensitized to changes in the activation state of EGFR22. 

ferDR/DR
 MTECs had significantly higher basal and EGF-inducible levels of phospho-ERK. As 

well, ferDR/DR MTECs that were treated with the dual EGFR and HER2 small molecule inhibitor 

lapatinib showed 10-fold increased sensitivity towards inactivation of phospho-ERK and 

lapatinib-induced cytotoxicity22. Correlated to these effects was the observation that ferDR/DR
 

MTECs displayed significantly accelerated rates of EGFR internalization relative to fer+/+
 

MTECs, suggesting a role for Fer in regulating EGFR dynamics by suppressing internalization22. 

To explore the role of Fer kinase activity in EGFR internalization, an EGF internalization 

assay was repeated on ferDR/DR MTECs or these cells transduced with either wild-type or kinase-

inactivated Fer. Biotin-EGF internalization was allowed to proceed for up to 30 minutes and 

changes in the ratio of internalized EGF to surface EGF were determined (Figure 4). Data points 

corresponding to the ratio of surface-bound EGF to internalized EGF were modelled by one 

phase exponential association. The curves for all three cell types differed significantly 

(p<0.0001, sum-of-squares F test). Compared to DR cells, DR-WT MTECs displayed a 

significantly reduced rate of EGF internalization. Interestingly, DR-KR cells displayed an 

increase in the rate of internalization relative to DR cells. This suggests that active kinase is 

required for Fer to suppress EGF-induced EGFR internalization, and furthermore that kinase-

dead Fer might further increase ligand-induced EGFR internalization. 
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Figure 4: Fer kinase activity has a suppressive effect on EGF-induced EGFR internalization. 

EGFR internalization was assessed in MTECs through changes in the detection of surface and 

internalized biotin-conjugated EGF at several time points. Data points corresponding to the 

internalized:surface ratio of biotin-EGF were plotted and modelled using one-phase exponential 

association by least squares fit. ferDR/DR MTECs transduced with either wild-type Fer (DR-WT) 

or kinase-dead Fer (DR-KR) both had significantly different internalization rates compared to 

untransduced ferDR/DR MTECs (DR) (p<0.0001, sum-of-squares F-test). Error bars represent 

standard error of the mean. Experiment was conducted by C. Shi.  
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3.3 Fer activity is associated with suppression of ERK and AKT phosphorylation in EGF 

stimulated MTECs and reduced cell proliferation 

 As Fer activity was shown to suppress EGFR internalization, the effects on signaling 

downstream of EGFR were examined. MTECs were serum starved for 16 hours and stimulated 

with 50ng/mL EGF for up to 15 minutes. Cell lysates were prepared and changes in the 

activation states of ERK and AKT kinases were examined by immunoblotting (Figure 5). All 

MTECs had high constitutive levels of phospho-ERK (Thr202/Tyr204) and phospho-AKT 

(Ser473) in the absence of stimuli under serum starved conditions. Upon stimulation with EGF, 

DR MTECs showed poor response to the EGF stimulus, as no increase in phospho-ERK was 

observed. Interestingly, there was a reduction of pERK and pAKT in DR-WT cells, which was 

not observed in DR cells. DR-KR cells showed an opposite effect; specifically, EGF stimulation 

did lead to increases in both pERK and pAKT (Figure 5).  

 As differences were found in ERK signaling downstream of EGFR, the proliferation rate 

was examined. Previously, it was shown that despite higher levels of ERK phosphorylation in 

ferDR/DR tumors and MTEC cell lines, there was reduced cell proliferation in vitro and in vivo22. 

Hypersensitivity of the dysregulated EGFR receptor in ferDR/DR MTECs correlated with impaired 

proliferation compared to fer+/+ MTECs, determined by significantly delayed tumor onset, 

reduced Ki67 staining in early stage tumors, and reduced in vitro proliferation22. To determine 

the effect of Fer activity on cell proliferation in later passage ferDR/DR MTECs, I performed an in 

vitro cell proliferation assay on newly established DR-EV, DR-WT, and DR-KR MTEC lines. 
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Figure 5: Fer kinase activity has a suppressive effect on EGF-induced AKT and ERK activation 

in ferDR/DR MTECs. ferDR/DR MTECs, untransduced (DR) or transduced with wild-type Fer (DR-

WT) or kinase-dead Fer (DR-KR), were serum starved for 16 hours and then treated with 

50ng/mL EGF for the indicated times.  Lysates were then prepared and subjected to 

immunoblotting analysis with anti-pERK, anti-pAKT and anti-tubulin. 
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An equal number of cells were seeded in 12-well trays and incubated for up to 120 hours. 

Every 24 hours after seeding, cells were harvested in triplicate for counting. After determining 

the average number of cells at each time point, the data were normalized relative to the number 

of cells counted on the first day. The proliferation curves were plotted and modelled by an 

exponential growth curve (Figure 6). DR-WT cells had a significantly reduced proliferative rate 

compared to DR-EV and DR-KR MTECs (p<0.0001, sum-of-squares F-test). Overall, these 

experiments suggest that Fer activity correlates with suppression of EGFR-linked MAPK 

signaling in MTECs, which is in agreement with our recently published study22. However, the 

later passage ferDR/DR MTECs used in the studies described here have high constitutive ERK 

activation that is poorly responsive to EGF. As well, wild-type Fer rescue associated suppression 

of phospho-ERK in response to EGF correlated with reduced proliferative rates. 
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Figure 6: Restoring Fer activity in ferDR/DR MTECs suppresses cell proliferation. 5000 cells were 

seeded in triplicate in 12-well trays and allowed to proliferate over the course of five days. At 24 

hour intervals, cells were harvested and counted. Data were normalized to the number of cells 

counted on the first day following seeding. Curves were modelled by exponential non-linear fit.  

ferDR/DR MTECs transduced with wild type Fer (DR-WT) had significantly reduced growth rates 

compared to ferDR/DR MTECs transduced with kinase-dead Fer (DR-KR) or empty vector (DR-

EV)  (p<0.0001, sum-of-squares F test). 
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3.4 Rescue of Fer in ferDR/DR MTECs suppressed tumor growth rates, but promoted lung 

metastasis 

 In models of lung cancer and TNBC, disruption of Fer was shown to have a suppressive 

effect on in vivo lung metastasis23,24. To examine the role of Fer in the metastatic potential of the 

MTECs used in this study, an in vivo orthotopic engraftment experiment was performed 

comparing fer+/+ MTECs, ferDR/DR MTECs, or wild-type Fer transduced ferDR/DR MTECs. To 

allow for detection of metastases by fluorescent imaging, MTECs were transduced with 

lentivirus encoding a GFP reporter gene. Cells were harvested, diluted to equal concentrations, 

and then suspended in an equal volume of PBS:Matrigel. One million cells were engrafted into 

the fourth inguinal mammary fat pad of Rag2-/-/IL2Rγc-/- immunocompromised female mice. 

Four mice were used for each cell line. Caliper measurements were conducted to determine the 

tumor growth rates of each cell line (Figure 7A). Data points were modelled by exponential 

curve to determine a rate of growth. WT cells grew tumors at significantly slower rates than 

those from DR cells.  These WT and DR MTEC lines were independently generated from either 

fer+/+ or ferDR/DR MMTV-Neu tumors, so their behaviour in these engraftment studies cannot be 

completely attributed to their fer genotypes; however, it is intriguing that transduction of the DR 

MTEC line with wild-type Fer was associated with reduction of their tumor growth rates to that 

of the WT MTEC cells. This suggests that Fer is suppressing the growth rate of tumors generated 

with this DR MTEC cell line (p<0.0001, sum-of-squares F test); which is reminiscent of the 

effect that wild-type Fer transduction had on the in vitro growth rate of these cells (Figure 6).  
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Although tumor growth rates are important to the carcinogenic process, these engraftment 

studies also sought to explore the effect of Fer on the metastatic process.  To provide a longer 

period of time for metastatic colonies to form and become detectable, the primary tumors were 

resected by recovery surgery when the average tumor volume was approximately 900mm3, and 

the mice were then kept alive to allow for metastatic tumor growth to facilitate detection. ferDR/DR 

tumors were resected 16 days after engraftment, while WT and DR-WT tumors were resected 23 

days after engraftment, reflecting their slower growth rates. Eleven days after tumor resection, 

mice were euthanized and resected lungs were examined by fluorescent imaging to detect and 

quantify macroscopic metastases (Figure 7B). All mice engrafted with WT or DR-WT MTECs 

developed detectable lung metastasis, with between 3-7 lesions each. In contrast, lung metastasis 

was only detected in one of four mice engrafted with DR cells, and this mouse had only 2 lung 

lesions (p <0.01, one-way ANOVA). In summary, these data argue that Fer expression promotes 

metastasis. 
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Figure 7: Rescue of Fer kinase activity in ferDR/DR MTECs suppresses in vivo tumor growth rates 

and promotes metastasis to the lung. One million GFP-transduced fer+/+ (WT), ferDR/DR (DR) or 

ferDR/DR transduced with wild-type Fer (DR-WT) MTEC cells were engrafted into the fourth 

inguinal mammary fat pad of Rag2-/-|IL2γR-/- mice (n=4 for each cohort). A)  Tumor growth 

rates as assessed by caliper measurements were significantly slower in WT and DR-WT, relative 

to DR tumors (p<0.001, student’s t-test). DR-WT tumors had a growth rates comparable to WT 

tumors (p>0.05, student’s t-test). B) Macroscopic GFP-positive metastatic lesions were 

quantified by biophotonic imaging of resected lungs 11 days following resection of primary 

tumors measuring approximately 900mm3.  The number of metastases was significantly reduced 

in DR tumors compared to DR-WT and WT tumors (p<0.01, one-way ANOVA). Error bars 

represent standard error of the mean determined from sample size of four mice per group. 

Experiments were conducted by C. Shi. 
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3.5 Loss of Fer correlates with in vitro defects in cell migration  

 To examine cellular phenotypes that may relate to the observed effects of Fer disruption 

on metastasis, experiments investigating changes in cell migration and susceptibility to anoikis 

were performed. Previous experiments have correlated shRNA knockdown of Fer in TNBC cells 

with impaired cell migration, impaired cell invasion and increased anoikis under anchorage-

independent growth conditions24. To make a comparison between fer+/+, ferDR/DR and wild-type 

Fer transduced ferDR/DR MTECs, a plug migration assay was performed. Cells were seeded in a 

well that had a central area blocked by a circular plug and were grown to confluency. Once the 

plug was removed, cells were permitted to migrate into the voided area in the absence or 

presence of 50ng/mL EGF. After 24 hours, cell nuclei were stained with DAPI and migrated 

cells were quantified by comparison to a control plate assessed immediately after the plug was 

removed (Figure 8A). DR MTECs had significantly impaired cell migration relative to WT and 

DR-WT cells (p<0.001, one-way ANOVA). EGF treatment was associated with a significant 

increase in the number of migrated DR MTECs (p<0.001), but this was still significantly less 

than the number of migrated WT and DR-WT cells in either the presence or absence of EGF; and 

interestingly, the migration of WT and DR-WT cells was not affected by EGF under these in 

vitro conditions. 

 A second migration assay was conducted on transduced ferDR/DR MTECs to determine 

differences in migration rates. A wound healing assay was chosen to easily allow observation of 

cells under multiple conditions. Cells were seeded into the wells of 6-well dishes that had been 

previously scratched with reference marks. Cell types examined were ferDR/DR MTECs (DR) 

transduced with either empty vector, wild-type Fer or kinase dead Fer. Once cells grew to 
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confluency, cells were serum starved for 16 hours. A wound was created by scratching the 

monolayer of cells in a straight line perpendicular to the underlying reference marks on the dish. 

Immediately following, culture medium was changed to one of the following conditions: serum-

free medium, 50ng/mL EGF, 10µM of the dual EGFR/HER2 inhibitor lapatinib, and regular 

growth factor medium containing FBS, EGF, insulin, hydrocortisone, and estradiol. Images were 

taken of the wound at 0, 3, and 6 hours, at which point the two cell fronts began to merge. 

Images were aligned by use of reference marks and the rate of wound closure was determined 

(Figure 8B). Relative to unstimulated conditions, no significant differences were found between 

cell types stimulated with either 50ng/ml EGF or growth medium, though under the presence of 

10µM lapatinib, DR-WT cells had a significantly higher rate of wound closure compared to DR-

EV and DR-KR cells (p<0.05, two-way ANOVA). Cells were most responsive to stimulation 

with regular growth medium which significantly increased the wound closure rate (p<0.05 for 

DR-WT, p<0.001 for DR-EV and DR-KR, two-way ANOVA). Overall, both migration assays 

support that there is an impaired migration rate in ferDR/DR MTECs with disrupted Fer kinase 

activity relative to cells with either wild-type Fer or rescue of Fer activity. 
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Figure 8: Disruption of Fer activity in MTECs correlates with impaired cell migration.             

Migration of MTECs was assessed using a plug migration assay in the presence or absence of 

50ng/mL EGF. ferDR/DR MTECs (DR) showed reduced detection of DAPI-labelled cell nuclei 

within a previously voided area following 24 hours of cell migration compared to fer+/+ (WT) or 

wild-type Fer transduced ferDR/DR  MTECs (DR-WT) cells (p<0.001, one-way ANOVA). Error 

bars represent standard error of the mean. B) Cell migration of ferDR/DR MTECs transduced with 

empty vector (DR-EV), wild-type Fer (DR-WT) or kinase-dead Fer (DR-KR) were assessed 

using a wound healing migration assay under multiple conditions. DR-WT cells had a greater 

rate of migration under presence of 10µM lapatinib (LPN) compared to DR-EV and DR-KR 

cells (* = p<0.05, two-way ANOVA). No significant differences were found between cell types 

for other conditions. Cells were most responsive to stimulation with growth-factor containing 

medium which caused a significant increase in wound closure in all cell types (p <0.05 for DR-

WT, p<0.001 for DR-EV and DR-KR, two-way ANOVA). Error bars represent standard error of 

the mean calculated from the rate of migration at five separate photographed areas. Experiment 

shown in panel A was conducted by C. Shi.  
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3.6 Fer activity is associated with resistance to anoikis in hanging drop cultures 

To determine if disruption of Fer influenced susceptibility to anoikis, cells were 

suspended in hanging drop conditions, and the viability of cells was assessed for up to four days. 

Prior to seeding, ferDR/DR MTECs transduced with either empty vector (DR-EV), wild-type Fer 

(DR-WT), or kinase-dead Fer (DR-KR) were harvested and diluted to equal concentrations in 

growth medium. In a 10µL drop, 25000 cells were placed on the underside of a tissue culture 

dish lid. At 24 hour intervals, cells were mixed with Trypan blue and viability was assessed by 

scoring stained (dead) and non-stained (live) cells in five replicate drops per cell type at each 

time point (Figure 9). For all cell types, viability decreased with the duration of incubation. DR-

WT cells were significantly more viable than DR-EV cells at 24 hours (p<0.001, one- way 

ANOVA), 48 hours (p<0.001), and 72 hours (p<0.05). The viability of DR-KR cells was not 

significantly different from DR-EV cells at 24 hours, 72 hours, and 96 hours. At 48 hours, DR-

KR cells did have significantly higher viability than DR-EV cells (p<0.001). Together, these data 

argue that restoring Fer kinase activity to ferDR/DR MTECs correlates with increased resistance to 

anoikis. 
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Figure 9: Disruption of Fer kinase activity reduces viability of cells suspended in hanging drops. 

25000 MTEC cells were suspended in 10µL drops on the underside of a tissue culture dish lid and 

incubated up to 96 hours at 37ºC and 5% CO2. At 24 hour intervals, cells were stained with Trypan 

blue to determine percent viability. ferDR/DR MTECs transduced with wild-type Fer (DR-WT) had 

significantly higher viability at 24, 48 and 72 hours relative to empty vector transduced ferDR/DR 

cells (DR-EV) (one way ANOVA, *** = p<0.001, * = p<0.05). ferDR/DR MTECs transduced with 

kinase-dead Fer (DR-KR) did not have increased viability relative to DR-EV cells at 24 and 72 

hours, although they were significantly more viable at 48 hours (p<0.001). Error bars represent 

standard error of the mean determined from counting approximately 300 cells in five separate 

drops.  
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3.7 Fer domain mutations indicate auto-regulatory function of the F-BAR domain 

The role of each domain of Fer in regulating Fer activity was examined through 

mutations proposed to disrupt domain functions. To first assess the location and putative effects 

of disrupting mutations, the specific residues of interest were mapped onto a computational 

model of the three-dimensional structure of Fer. Two crystal structures have been solved for the 

closely related Fes kinase, which include the SH2/kinase domains (PDB ID: 3BKB) and the F-

BAR/CC domains (PDB ID: 4DYL). To generate a hypothetical structure for the full length Fer 

protein, the two Fes crystal structures were used as templates to trace the primary amino acid 

sequence of Fer (Figure 10). As this homology model uses structures of Fes as a template, the 

resulting structure of Fer closely resembled the previously solved F-BAR, CC, SH2, and kinase 

domains of Fes. The Fer SH2 domain is highly conserved and is predicted to assume a highly 

homologous structure with a putative SH2-kinase domain interaction14. This interaction has been 

shown to promote kinase activity of Fes, and could act in a similar fashion to regulate Fer 

activity. The N-terminal domain of Fer forms a bundle of three extended alpha-helices which are 

characteristic of previously solved F-BAR domains. As well, the CC-domain associates with the 

terminus of the F-BAR domain, and, together, these domains are predicted to be the basis for 

oligomerization as shown in structure-function studies29. Interestingly, the software failed to 

assign secondary structure to the 70 amino-acid loop between the CC and SH2 domains. The 

lack of ordered structure in this region could grant significant flexibility to the positioning of the 

SH2 and kinase domains. As this is a hypothetical model, the relative orientation of the two 

solved domain pairs is unknown. 
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Figure 10: Hypothetical three-dimensional structure of monomeric Fer kinase and locations of 

engineered mutant amino acid residues. A computational model of Fer kinase was generated 

with Raptor X software using the crystal structures of the Fes FBAR and CC domains (PDB ID: 

4DYL) and the Fes SH2 and kinase domains (PDB ID: 3BKB). Distinct domains are colored as 

follows: Blue, Green and Yellow – F-BAR; Pink – CC; Cyan – SH2; Kinase – Dark Grey. 

Amino acid residues which have been subjected to site-directed mutation are indicated in red. 
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In response to treatment of cells with hydrogen peroxide, disruption of homeostatic redox 

levels inhibits the activity of protein-tyrosine phosphatases85. By inhibiting the major mechanism 

of tyrosine dephosphorylation, insights into the function of kinases can be revealed. Hydrogen 

peroxide treatment of fibroblasts has been previously shown to induce activation of Fer and 

phosphorylation of the actin associated protein cortactin59. To assess the role of specific domains 

on Fer kinase activity, ferDR/DR MTECs transduced with different Fer recombinants were treated 

with H2O2 and Fer autophosphorylation was assessed. Immunoprecipitation of the recombinant 

Myc-epitope tagged Fer proteins was performed using a Fer-specific antibody, and the resulting 

samples were probed by immunoblotting with anti-phosphotyrosine antibody. To control for the 

amount of Fer in immunoprecipitates, membranes were stripped and re-probed with Fer-specific 

antibody. The resulting immunoblotting analysis revealed regulatory functions of distinct 

domains of Fer involved in auto-phosphorylation (Figure 11). Stimulation with H2O2 induced a 

detectable phosphotyrosine signal of wild-type Fer at a molecular weight corresponding to the 

Fer-Myc fusion and at a location where a band was not detected by anti-Fer antibody in the 

empty-vector transduced cells. Though Fer was detected in immunoprecipitates, there was less 

phosphotyrosine signal in kinase-dead Fer (KR), the F-BAR mutant (KKQQ), and the Tyr402 

mutant (YF). The anti-phosphotyrosine antibody cannot distinguish between phosphorylation at 

distinct sites, including Tyr402 and Tyr715 in the activation loop of the kinase, but the signal 

intensity is predicted to reflect the total levels of autophosphorylation.  The apparent absence of 

tyrosine phosphorylation on the kinase-dead KR Fer protein argues that essentially all 

phosphorylation seen under these conditions is due to autophosphorylation rather than 

phosphorylation by other kinases.  Reduced phosphorylation in the F-BAR (KKQQ) mutant 
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suggests that this domain promotes autophosphorylation.  Reduced phosphorylation in the YF 

mutant is expected because this is a known phosphorylation site86; however, the large reduction 

suggests that phosphorylation at the major autophosphorylation site in the activation loop (Y715) 

is also reduced.  This argues for a role for phosphorylation at Y402 in promoting kinase activity. 

The increased phosphorylation in the SH2 mutant is unprecedented, as this is inconsistent with 

observations reported for Fes, where mutations in the SH2 domain diminished kinase activity 

and transformation potential31. Mutation of the phosphatidic acid binding motif FX did not lead 

to any apparent changes in the amount of phosphotyrosine detected. These results collectively 

suggest that there are complex inter-domain regulatory interactions associated with 

autophosphorylation of the Fer kinase. 
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Figure 11: Autophosphorylation of Fer mutants. ferDR/DR MTECs were transduced with 

retroviruses encoding the indicated Myc-epitope tagged Fer recombinant proteins (see Figure 

10). Serum-starved cells were stimulated with 9mM H2O2 for 0, 10 or 20 minutes, and then 

soluble cell lysates were prepared for immunoprecipitation using Fer-specific antibody (FerLA). 

Immunoprecipitated proteins were resolved on SDS-PAGE and immunoblots were assessed 

using anti-phosphotyrosine (pY) antibody. Blots were then stripped and re-probed using Fer-

specific antibody (FerLA) to detect immunoprecipitated Fer. Densitometry analysis was 

performed using ImageJ to determine the relative phosphotyrosine signal detected. 
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I next assessed the ability of these Fer mutants to contribute to the regulation of signaling 

downstream of EGFR. ferDR/DR MTECs, or these cells transduced with wild-type Fer or each of 

the above described mutants were serum starved and then stimulated with EGF and then assessed 

by immunoblotting analysis (Figure 12). As previously shown in Figure 5, cell types have 

constitutive levels of pERK that become briefly suppressed with EGF stimulation, and pERK 

suppression is highest in wild-type Fer expressing cells. It was found that DR-KRQQ and DR-

YF cells showed only a small change in pERK upon EGF treatment, which suggests that these 

cells are less sensitive to EGF, similar to DR and DR-KR cells. DR-VRLE and DR-FX 

transduced cells showed an altered EGF response profile including approximately 30-50% 

reduction in pERK signal upon EGF treatment. This may suggests that these mutations do not 

impair the ability for Fer to increase EGF sensitivity when transduced into in ferDR/DR cells. 

Together, these data correlate with results from H2O2 stimulation experiment to suggest that 

mutations targeting the F-BAR domain and Tyr402 play a role in promoting Fer activity.  
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Figure 12: Fer kinase activity has a suppressive effect on EGF-influenced downstream signaling 

in ferDR/DR MTECs.  Serum-starved ferDR/DR MTECs (DR) and those cells transduced with 

retroviruses encoding wild-type Fer (DR-WT) or the Fer mutants described in Figure 10 were 

treated with 50ng/mL EGF for the indicated times. Soluble cell lysate were then subjected to 

immunoblotting analysis using the indicated antibodies. Densitometry analysis was performed to 

determine relative pERK signal.  The top panel is reproduced from Figure 5 to facilitate 

comparison of all recombinant Fer proteins. 
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Chapter 4:  Discussion 

 Research into the role of tyrosine kinases in cancer has been lucrative for the 

development of therapeutics, since tyrosine kinases are often oncogenic drivers, and 

pharmacological agents that inhibit their kinase activities can be developed. Fer is a tyrosine 

kinase associated with oncogenic roles, which is supported based on its activity in regulating 

receptor signaling, cell-cell adhesion, and cell-substratum adhesion. In this thesis, I investigated 

the role of the tyrosine kinase Fer in HER2-positive BC.  

We showed that Fer plays two major roles in our mouse model of HER2-activated BC; 

these include the regulation of EGFR signaling and the promotion of metastasis. In an in vivo 

model of metastasis, we engrafted MTECs with modifications in the expression of active Fer 

kinase into mice, ultimately showing that Fer disruption was associated with a significant 

decrease in the formation of lung colonies formed by metastasis from a primary tumor. This 

finding was corroborated with in vitro results showing that Fer deficient MTECs have impaired 

cell migration and resistance to anoikis, both abilities that are integral to the in vivo metastatic 

cascade.  

We also provided novel evidence that Fer plays a role in buffering ERK and mitogenic 

signals that originate from EGFR. Rescue of Fer kinase activity in ferDR/DR MTECs has a 

suppressive effect on EGFR internalization, and a suppressive effect on EGF-induced 

downstream activation of ERK22. Rescuing Fer activity also suppressed cell proliferation, but 

this was contrary to previous results where it was shown that higher levels of basal and EGF-

inducible pERK was found in ferDR/DR MTECs that had reduced proliferation22. As previously 
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reported, rescue of Fer activity in ferDR/DR MTECs restored cell proliferation to that of fer+/+ 

MTECs, however we show that rescue of Fer activity suppressed cell proliferation22. This may 

suggest that MTECs are able to adapt to the changes in cell proliferation resulting from 

disruption of Fer.  

4.1 Regulation of EGFR and mitogenic signaling 

 The disruption of Fer in an MMTV-NeuNT model of HER2-positive BC shows that Fer 

kinase activity regulates EGFR signaling. EGF is a growth factor ligand that binds specifically to 

the EGFR-EGFR homodimers, as well as EGFR-HER2 heterodimers to increase proliferation, 

growth, and migration.  In my studies, rescue of Fer activity in ferDR/DR MTECs was associated 

with suppressed EGFR internalization. This was correlated with an EGF-associated suppression 

of downstream mitogenic signaling, suppressed proliferation in vitro, and reduced in vivo tumor 

growth rates.  

 F-BAR proteins are associated with receptor internalization and play a direct role in this 

process by altering of membrane curvature and recruiting endocytosis machinery proteins 

including N-WASP and dynamin19,21. Here we show that Fer kinase activity is required to 

suppress EGFR internalization rates, as measured by dynamic changes in the detection of the 

relative amount of cell surface bound and internalized biotin-conjugated EGF. The mechanism 

by which Fer may inhibit EGFR internalization is unknown. However, we show that expression 

of kinase-inactive in ferDR/DR MTECs failed to rescue this phenotype; and instead was associated 

with a further increase in the rate of EGFR internalization. This suggests that Fer mediates a 

suppression of EGFR internalization by phosphorylating a substrate. Since kinase-inactive Fer 
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further increased the rate of EGFR internalization, there may be a compensatory pathway that is 

blocked by the presence of kinase-inactive Fer, which can still mediate protein-protein 

interactions. It has previously been suggested that Fer can alter the recruitment of endocytosis-

promoting adaptors to the EGFR22. Adaptors including Grb2 and Shc influence the rate at which 

EGFR internalization occurs by recruiting downstream effectors87. Fer has been found in 

association with EGFR and could potentially block these interactions, though it is not predicted 

that kinase activity is required for this function51. Fer could also be acting to phosphorylate other 

EGFR- or endocytosis-associated substrates including cortactin or tubulin; although a role of 

these proteins in inhibiting internalization has not been elucidated. As well, the related Fes 

kinase has been demonstrated to phosphorylate Shc in a study of  a retroviral GAG-Fes fusion 

protein, and there is evidence that Fer can regulate Shc phosphorylation as well (unpublished 

results, P. Greer )88. The mechanisms by which Fer suppresses EGFR internalization is unclear, 

and future experiments that explore the dynamics of EGFR, Fer and endocytosis-related 

substrates may reveal insight into this. 

 Previously, Fer activity has been documented as a promoter of growth factor related 

signaling and cell-cycle progression82. However in certain cases including in TNBC cells, it has 

been reported that loss of Fer can promote cell proliferation89. Complete genetic loss of Fer has 

not been previously studied in a transgenic mouse model of cancer, and the effect of complete 

loss of Fer activity with respect to the HER2 oncoprotein has not been previously studied. Past 

results showed that, relative to fer+/+ MTECs, ferDR/DR cells had higher basal and EGF-inducible 

levels of phosphorylated ERK which was correlated with reduced cellular proliferation22. This 

was attributed to hypersensitivity of EGFR to stimuli, which altered EGF signaling dynamics to 
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an anti-proliferative state22. Many examples exist where excessive EGF stimulation of cells is 

has anti-proliferative effects, including within EGFR-overexpressed BC cell lines90–92. By 

disrupting Fer to alter the dynamics of EGFR signaling to a hyperactive state, downstream 

mitogenic signaling became non-productive, leading to reduced proliferation and delayed tumor 

onset. We also showed in that study that rescue of wild-type Fer in ferDR/DR MTECs was able to 

increase rates of proliferation to that of fer+/+ MTECs22. 

In the work described in this thesis using in vivo and in vitro experiments, I show that 

rescue of Fer kinase activity in ferDR/DR MTECs can also have a suppressive effect on 

proliferation, which is contrary to our earlier published results22. This difference may be 

attributed to an adaptation to the anti-proliferative effects of EGFR hypersensitivity as these 

ferDR/DR MTECs were cultured to later passages. During tumor onset in the transgenic neu mice, 

ferDR/DR cells had reduced staining of Ki67 proliferative marker, but this difference was only 

found at the early stages of tumors, and by 28 days after tumors were first detected, no 

significant differences in Ki67 staining were found. This suggests that although Fer disruption 

leads to altered proliferative signaling in the early stages of tumor growth, those changes could 

further adapt at later stages in vivo.  MTECs may undergo further adaptive changes in vitro. The 

anti-proliferative effect of rescued Fer kinase expression in ferDR/DR MTECs that I observed may 

be linked to suppression of EGFR/HER2 signaling to ERK, which is expected to drive 

proliferation in the MMTV-Neu model. It has not been previously demonstrated that Fer 

overexpression induces an anti-proliferative effect, as rescue of Fer activity in ferDR/DR fibroblasts 

was not reported to have an effect on proliferation59. However, the adaptive response to the 

previously documented phenotype in ferDR/DR MTECs might suggest long-term inhibition of Fer 
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to prevent proliferation might become futile. As no Fer-specific inhibitor has been well 

characterized, it is not clear how use of such an inhibitor might interact with targeting of 

EGFR/HER2 in HER2-positive BC. 

4.2 A role of Fer in breast cancer metastasis 

 In an orthotopic in vivo engraftment experiment, it was demonstrated that tumors formed 

with ferDR/DR MTECs yielded significantly fewer lung metastases than tumors formed from cells 

rescued by transduction of wild-type Fer. This is despite the differences in tumor growth rate, 

where untransduced ferDR/DR MTEC tumors had higher growth rates than tumors formed from 

wild-type Fer rescued ferDR/DR MTECs. This is in agreement with previous reports where shRNA 

knockdown of Fer suppresses in vivo metastasis in xenograft experiments using lung 

adenocarcinoma and TNBC cell lines23,24. High expression of Fer is associated with reduced 

relapse-free survival across all BC types, and a direct role for Fer to promote metastasis could 

lead to this effect (Figure 2). To further support this observation, a repeat experiment will be 

carried out using ferDR/DR MTECs transduced with either empty vector or kinase-dead Fer, as 

well as a larger sample size of mice. A limitation of the engraftment experiment reported in this 

thesis is that differences in tumor growth lead to ferDR/DR tumors being resected 7 days before 

fer+/+ and wild-type Fer transduced ferDR/DR tumors.  Interestingly, these in vivo tumor growth 

rates paralleled the in vitro proliferation rates of these cell lines.  Despite the ferDR/DR tumors 

having a reduced amount of time to disseminate and metastasize, the increased ability of these 

cells to grow primary tumors in an engraftment experiment would normally suggest that 

metastasis would also be increased. Although we showed that Fer plays a role in proliferative 
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signaling through EGFR, the role of Fer in other pathways suggests that Fer has additional 

functions that regulate metastasis.  

 To understand how Fer may promote metastasis, in vitro experiments were designed to 

investigate cell migration and resistance to anoikis. Metastasis is a multi-step process and cells 

must migrate and invade in order to disseminate from the site of primary tumor. As well, cells 

are thought to metastasize to distant organs by route of the blood and lymphatic vasculatures, and 

normally adherent cells must sustain survival signals to prevent apoptosis during this transit 

period through the vasculature. Fer has been previously suggested to play roles in both migration 

and resistance to anoikis, most notably in a model of TNBC24. 

In this thesis we show that ferDR/DR MTECs have impaired migratory rates compared to 

fer+/+ and wild-type Fer transduced ferDR/DR MTECs. Moreover, rescue with kinase dead Fer 

failed to rescue migratory ability in ferDR/DR MTECs. The plug assay results showed reduced 

variability as they provided a longer duration for cells to migrate and a greater area for cells to 

migrate into. Though the variability in the wound healing assay was greater, loss of Fer activity 

still correlated with impaired cell migration. Reduced cell migration was previously reported in 

ferDR/DR mouse embryonic fibroblasts, and this has been attributed to differences in the 

phosphorylation of cortactin59. Phosphorylated cortactin promotes its association as a scaffold 

with both the Arp2/3 complex and N-WASP, leading to increased nucleation of branched F-actin 

that is associated with membrane protrusions such as lamellipodia or filopodia93. shRNA 

knockdown of Fer has also been shown to deplete activity of small GTPases including Rac123. 

Fer depleted lung adenocarcinoma cells have reduced levels of activated Rac1-GTP, which is 

associated with loss of Vav2 phosphorylation, a guanine exchange factor protein that activates 
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Rac123. Rac activation plays a role in regulating cytoskeletal dynamics and endocytosis, and Rac 

activity is required for productive cell migration94. Vav is not an exclusive substrate of Fer, as 

Src and Syk kinases may also phosphorylate Vav at the same sites95,96. To better understand the 

mechanism for loss of cell migration as a result of Fer disruption in MTECs, further research is 

required to identify changes in the phosphorylation dynamics of Vav and other relevant Fer 

substrates.  

I also showed that Fer deficient MTECs have reduced viability when cultured in hanging 

drops under anchorage-independent conditions. In order to metastasize to a distant organ, cells 

must avert anoikis and survive during their transit through the vasculature. There are many 

mechanisms that have been proposed for cells to achieve this, including association as clumps of 

cells, allowing interactions with other cancer cells or other cell types such as platelets, 

monocytes or other blood cells97. When adherent cells are detached from the substratum by 

disrupting integrin junctions, there is a loss of survival signals that originate from integrin 

receptors, which can lead to cell death in a process called anoikis. Suppression of anoikis is 

thought to be mediated by protein kinases, most notably FAK, Akt, and PI3K, and in the absence 

of these signals there is activation of apoptotic proteins98. I show in this thesis that Fer activity 

correlates with increased resistance to anoikis in MTECs. Fer has previously been reported to 

regulate cell-cell adhesion and anoikis in hepatocytes, where anchorage-independent culturing of 

cells induced a Fer-dependent phosphorylation of FAK leading to resistance to anoikis99. In 

conjunction with Src kinase, Fer has also been shown to promote phosphorylation of the FA-

associated protein ezrin to promote colony forming ability in soft-agar, suggesting a potential 

mechanism for promotion of survival under anchorage-independent conditions27. In TNBC cells, 
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shRNA knockdown of Fer increased sensitivity to anoikis, and although a mechanism was not 

elucidated, there was altered surface expression of integrins, which suggests that Fer is required 

for proper integrin trafficking. These results suggest that Fer plays a role in the regulation of 

signals originating from integrin receptors, which may be occurring in MTECs. As well, EGFR 

may act together with integrins to promote survival under anchorage-independent conditions, as 

overexpression of EGFR has been shown to suppress activation of the pro-apoptotic protein Bim 

when MCF-10A cells were cultured without substratum attachment100. There are possible 

explanations for increased resistance to anoikis in Fer-expressing MTECs, though this suggests 

that Fer is required for proper integrin function, to both promote cell survival and cell migration. 

4.3 Insights from structure-function studies 

 A final aspect of this project was to investigate domain functions in Fer with respect to 

overall kinase activity. Based on previous investigations into the function of Fer and Fes, we 

selected four domain mutants that we generated by site-directed mutagenesis. These included an 

F-BAR domain mutant, SH2-domain mutant, a phenylalanine substitution of Tyr402, and a 

mutation of a previously described motif called FX that was reported to bind phosphatidic acid49. 

These mutants were transduced into ferDR/DR MTECs and studied by detection of auto-

phosphorylation and effects on pERK signaling. In summary, I found that the ability to auto-

phosphorylate in response to H2O2 stimulation correlated with a suppression of pERK signaling. 

H2O2 stimulation is predicted to activate Fer indirectly by inactivating tyrosine phosphatases that 

negatively regulate Fer phosphorylation. Fer activity was required for the detection of 

phosphotyrosine signal in Fer immunoprecipitates, as kinase dead Fer did not show induction of 

signal. It has been previously suggested that Src can contribute to Fer phosphorylation, though 
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these results suggest that the principal mechanism of Fer phosphorylation is through auto-

phosphorylation, likely in trans27.  

 Surprisingly, mutation of the F-BAR with the K111Q/K1112Q substitutions disrupted 

Fer phosphorylation, and this mutant failed to suppress pERK signaling. K111 and K112  are 

positively-charged residues that are homologous to residues in other F-BAR domain proteins that 

interact with negatively-charged phospholipid heads17. These mutations are predicted to ablate 

ionic interactions between the F-BAR and phospholipid bilayers by removing the positive 

charges. The mechanism by which this mutation blocks auto-phosphorylation of Fer is unclear, 

though multimerization is thought to play a role in trans-phosphorylation, and the F-BAR 

domain is predicted to allow for dimerization19,27.  Future studies will be needed to determine if 

these mutations compromise dimer formation.  As well, mutation of the F-BAR domain may 

disrupt localization to critical membrane compartments.  Indeed, this mutation was previously 

shown to disrupt localization of Fer at FAs27. Proper localization to a membrane compartment 

may be required for self-association and trans phosphorylation in response to H2O2. Our 

hypothetical model of Fer was unable to accurately predict how the SH2/kinase domains 

associate with the F-BAR/CC domains, or how F-BAR domains mediate multimerization, which 

had previously been predicted to be trimers for Fer29. It has been suggested that the N-terminal 

domains of Fes act in cis to regulate kinase activity, though it is unknown if this occurs for Fer26.  

My observations also suggested that Tyr402 may play a role in regulation of Fer activity. 

The mutation of tyrosine to phenylalanine is not predicted to disrupt local structure, only causing 

loss of a putative site of phosphorylation. After H2O2 stimulation of MTECs, the overall 

detection of phosphotyrosine was reduced in Y402F Fer immunoprecipitates. Though loss of 
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phosphotyrosine signal is expected based on removal of a phosphorylation site, the majority of 

phosphotyrosine signal is predicted to be Tyr715 on the activation loop most proximal to the 

kinase active site. As well, transduction of the Y402F mutant Fer into MTECs failed to suppress 

ERK activation, which may suggest that this residue is critical for regulation of EGFR 

internalization. Contrary to these results, recent evidence suggests that the Y402F mutation does 

not prevent Fer auto-activation and ezrin phosphorylation in response to disruption of lipid 

rafts27. The role of this residue with respect to EGFR internalization is unknown, and further 

investigation of this Tyr402 phosphorylation site and its role in Fer regulation will be required.  

My results suggest that the SH2 and FX domains are not required for Fer 

autophosphorylation. The FX mutant failed to show any differences relative to WT Fer in both 

H2O2 stimulation experiments and in analysis of ERK activation, suggesting that phosphatidic 

acid binding may not be essential for auto-activation and effects on EGFR signaling. 

Interestingly, H2O2 stimulation of the SH2-domain mutant lead to increased detection of Fer 

phosphotyrosine in immunoprecipitates, suggesting that this domain has an inhibitory role in Fer 

auto-activation. This is contrary to what is known about the SH2 domain of Fes, where the SH2 

domain is critical to kinase activity by forming a tertiary interaction with the kinase domain14. 

SH2 domain functions have not been previously reported to be required for Fer activity, nor has 

it been reported to inhibit Fer auto-activation. Moreover, SH2-mutant Fer transduced ferDR/DR 

MTECs showed a similar EGF response to wild-type Fer transduced cells, suggesting that they 

may regulate EGFR in a similar fashion. Though SH2-domain binding partners of Fer have not 

been elucidated, changes in the localization of Fer could alter the effects that occur from H2O2 

treatment, which are not naturally occurring conditions. Further experiments are required to 
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confirm how this SH2 mutant may differ in its subcellular localization and its regulation of 

receptor internalization. 

These experiments offer insight into the mechanism by which Fer mediates its functions. 

Though not physiological, stimulation with H2O2 provides a model to study Fer auto-activation. 

This assay also does not directly test kinase activity, so it is unknown how these mutants 

specifically act towards critical substrates. Further experiments are required to understand how 

loss of these domains influences receptor internalization, cell migration, cell survival, and 

metastasis.  

4.4 Implications and Future Directions 

These results argue that Fer plays a role in HER2-positive BC, both acting to 

downregulate signaling from the EGFR/HER2 heterodimers to the ERK pathway, and to regulate 

disease progression by promoting metastasis. Though we suggest that Fer acts in multiple 

pathways, loss of Fer is not embryonically lethal and there may be redundancy with other kinases 

including Fes and Src-family kinases44. Most research into the function of Fer has employed 

shRNA knockdown, which has critical differences to the genetic model used in this study. 

Importantly, in our model, loss of Fer has been shown to influence tumor onset in the early 

stages of the disease, and by rescuing Fer our experiments highlight how Fer contributes to the 

regulation of ERK signaling, mitogenesis, migration, anoikis and metastasis. Moreover, we 

provide evidence that changes in cell proliferation do not match earlier reports suggesting that 

Fer rescue in ferDR/DR MTECs inhibits EGF-induced ERK activation to cause an increase in 

proliferation. If this information is employed through the use of a kinase inhibitor that targets 
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Fer, the effects may match earlier observations where loss of Fer was anti-proliferative. An 

interesting result is that loss of Fer was originally correlated with a 10-fold increase in sensitivity 

to the EGFR/HER2 inhibitor lapatinib. In a migration assay, this effect was also observed where 

empty-vector or kinase-dead Fer transduced cells had reduced cell migration relative to DR-WT 

cells in the presence of 10µM lapatinib, suggesting that Fer activity protects cells from an anti-

migration effect of lapatinib. Though a Fer-specific tyrosine kinase inhibitor has not been 

identified, a promising use for such an agent may be in combination with lapatinib to have both 

effects on inducing cytotoxicity and reducing the metastatic potential of cells. 
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Appendix 1: Primer Sequences for Site-Directed Mutagenesis of wild-type Fer 

 

Table 2: Oligonucleotide primers used in site-directed mutagenesis 

VRLE 

forward 

GCAGCAAGGAGACTTCCTGCTGGAAGAGAGCCATGGGAAACCTG 

VRLE 

reverse 

CAGGTTTCCCATGGCTCTCTTCCAGCAGGAAGTCTCCTTGCTGC 

KKQQ 

forward 

GGACAAGCAGCAAGTGCAGCAGTCATATGTAGGCATTCATC 

KKQQ 

reverse 

GATGAATGCCTACATATGACTGCTGCACTTGCTGCTTGTCC 

YF 

forward 

GGAAAGAACCACCTCCTGTGGTTAACTTCGAAGAAGACGCGCGG 

YF 

reverse 

CCGCGCGTCTTCTTCGAAGTTAACCACAGGAGGTGGTTCTTTCC 

FX 

forward 1 

(R417A 

only) 

TCACATCCATGGAAAGAAAGGAGGAGCTATCCAAATTTGAGTCTATTC 

FX 

reverse 1 

(R417A 

only) 

GAATAGACTCAAATTTGGATAGCACCTCCTTTCTTTCCATGGATGTGA 

FX 

forward 2 

GAAAGGAGGAGCTATCCAAATTTGAGTCTATTGAGCATTCAATTGCTG

GGATA 

 

FX 

reverse 2 

TATCCCAGCAATTGAATGCTCAATAGACTCAAATTTGGATAGCTCCTCC

TTTC 

 

 

 

 


