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Abstract 

  FES protein-tyrosine kinase (PTK) activation downstream of the KIT receptor in 

mast cells (MC) promotes cell polarization and migration towards the KIT ligand Stem 

cell factor (SCF). A variety of tumours secrete SCF to promote MC recruitment and 

release of mediators that enhance tumour vascularization and growth.  This study 

investigates whether FES promotes MC migration via regulation of microtubules (MTs), 

and if FES is required for MC recruitment to the tumour microenvironment.  MT binding 

assays showed that FES has at least two MT binding sites, which likely contribute to the 

partial co-localization of FES with MTs in polarized bone marrow-derived mast cells 

(BMMCs).  Live cell imaging revealed a significant defect in chemotaxis of FES-

deficient BMMCs towards SCF embedded within an agarose drop, which correlated with 

less MT organization compared to control cells.  To extend these results to a tumour 

model, mouse mammary carcinoma AC2M2 cells were engrafted under the skin and into 

the mammary fat pads of immune compromised control (nu/nu) or FES-deficient 

(nu/nu:fes
-/-

) mice.  A drastic reduction in tumour-associated MCs was observed in FES-

deficient mice compared to control in both mammary and skin tissue sections.  This 

correlated with a trend towards reduced tumour volumes in FES-deficient mice. These 

results implicate FES signaling downstream of KIT, in promoting MT reorganization 

during cell polarization and for chemotaxis of MCs towards tumour-derived SCF.  Thus, 

FES is a potential therapeutic target to limit recruitment of stromal mast cells or 

macrophages to solid tumours that enhance tumour progression. 
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Chapter 1 

Introduction 

1.1 Discovery of FES Protein Tyrosine Kinase 

The protein-tyrosine kinase (PTK) FPS/FES (hereafter referred to as FES) was 

first discovered as a retroviral oncogene linked to Fujinami PRC-type avian sarcoma 

viruses (v-fps), and in the Gardner-Arnstein and the Snyder-Theilen strain of Feline 

sarcoma viruses (v-fes) (Franchini et al, 1981, Hampe et al, 1982, Sherr et al, 1980). Both 

oncogenes, v-fps and v-fes, were identified with the viral Gag sequence fused to all or a 

portion of the cellular fes gene. The v-FES and v-FPS proteins caused malignant 

transformation in transfected cells, and possessed constitutive PTK activity (Franchini et 

al, 1981, Sherr et al, 1980). Antibodies raised against v-FES were found to cross react 

with a 92kDa cytoplasmic PTK (c-FES) expressed highly in myeloid cell lineages and 

vascular endothelial cells, and also in a subset of neuronal cells, and epithelial cells in the 

GI tract and breast (Haigh et al, 1996, Samarut et al, 1985).  v-FPS antibodies also 

detected a 94 kDa cytoplasmic PTK that was termed FER (FES-related). FER is more 

widely expressed than FES, and together FES and FER form a unique subfamily of 

PTKs. The FES/FER PTKs have a unique domain organization and their mechanism of 

activation has become clearer in recent years. Although the substrates of FER/FES are 

still poorly characterized, they include proteins implicated in reorganization of the actin 

and microtubule (MT) cytoskeleton during cell migration.   



 

2 

 

1.2 FES domain organization, oligomerization, and regulation.  

FES and FER PTKs are composed of four major domains: the FER/CIP4 

homology (FCH)- Bin/Amphiphysin/Rvs (F-BAR) domain, the extended F-BAR (FX) 

domain, a central Src-homology 2 (SH2) domain, and a C-terminal tyrosine kinase 

domain (Figure 1A). The F-BAR/FX domains include several predicted coiled-coil (CC) 

motifs that were implicated in regulating oligomerization and kinase activation prior to 

the discovery of F-BAR and FX domains.  The F-BAR domains of FES and FER are 

sufficient for binding to several phosphoinositides (PI), including PI(4,5)P2 (McPherson 

et al, 2009). The FX domain of FER was recently implicated in phosphatidic acid (PA) 

binding, which was linked to targeting of FER to lamellipodia.  Other F-BAR domain-

containing adaptor proteins have been implicated in generating or stabilizing membrane 

invaginations at sites of endocytosis.  Although FES has not been shown to directly 

participate in endocytosis, the F-BAR domain of FES was required for membrane 

targeting in mast cells and FES activation downstream of the high affinity IgE receptor 

(McPherson et al, 2009).  

Like other F-BAR proteins, FES has been shown to oligomerize.  Gel filtration 

and co-immunoprecipitation studies confirm that the N-terminus of FES alone is able to 

confer oligomerization (Cheng et al, 1999, Lupas, 1996, Read et al, 1997, Read et al, 

1997). Also unlike many RTKs, FES activation does not correlate with FES 

oligomerization (Cheng et al, 2001, Laurent et al, 2004)(Craig et al, 1999, Shaffer et al, 

2009). In particular, a leucine to proline mutation (L145P) within CC1 motif  was shown 
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to abolish oligomerization of FES, and also to dramatically increase FES kinase activity, 

malignant transformation potential of FES, and confer cytokine-independent growth of 

myeloid leukemia cells (Cheng et al, 1999, Cheng et al, 2001). These results indicate that 

the N-terminus of FES may be important in regulating its kinase activity. Despite this, 

bimolecular fluorescence complementation studies have established that cellular FES 

exists as a constitutive oligomer in cells independent of the auto-phosphorylation of the 

kinase domain (Shaffer et al, 2009).  At present, the molecular mechanisms for relieving 

auto-inhibition of FES are poorly defined.  It is possible that FES auto-inhibition and 

activation involve changes in intramolecular interactions, or more likely via 

conformational changes induced by binding of F-BAR/FX to membranes or other protein 

ligands.  MTs are an example of a protein ligand for the FES N-terminus, which was 

shown to account for FES co-localization and co-immunoprecipitation with MTs.  In 

these studies, the FES L145P mutant was shown to increase both kinase activity, and MT 

co-localization in COS7 cells (Laurent et al, 2004) (Figure 1B). A second study also 

implicated FES in MT nucleation, and implicated the FES FCH motif in this process 

(Takahashi et al, 2003). In this thesis, one focus is to address the ability of FES to interact 

with MTs directly, and if so determine which domains are involved.   

The N-terminus is not the sole domain of FES which has been shown to interact 

with α/β-tubulin and MTs. The SH2 domain of FES also binds phosphorylated tyrosine 

residues on α/β-tubulin (Laurent et al, 2004). The SH2 domain is a well conserved 

adaptor domain and acts through sequence specific phosphotyrosine-binding. 
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Figure 1.  FES protein tyrosine kinase domain organization. 

A. Cellular FES (c-FES) is a 822 amino acid (a.a.) protein tyrosine kinase containing a N-

terminal Fer/CIP4 homology-Bin/Amphiphysin/Rvs (F-BAR) domain, an extended F-

BAR domain (FX), a Src Homology 2 (SH2) domain and a kinase domain (KD).  The 

L145P mutation is located within the F-BAR domain, and was shown to block 

oligomerization and enhance kinase activation. The R483E mutation in the SH2 binding 

pocket abolishes phosphorylated tyrosine binding. Viral FES (v-FES) has all domains of 

c-FES fused to the viral Gag protein. B. The homology model of the Fes F-BAR domain 

dimer is based on the solved structure of another F-BAR domain containing protein 

FBP17(Shimada et al, 2007). The location of the L145P mutation is shown at the tip of 

the homology modeled F-BAR dimer. The blue ribbon structure represents the FCH 

motif (amino acids 1-60) of the F-BAR domain initially thought to mediate MT binding.  
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Interestingly, unlike other cytoplasmic tyrosine kinases such as c-Src, c-Abl and Tec/Btk, 

FES lacks auto-regulatory domains such as the Src homology 3 (SH3), the pleckstrin 

homology (PH) domain and a negative regulatory phosphorylation site(Bradshaw, 2010, 

Engen et al, 2008, Hantschel & Superti-Furga, 2004).  However, a recent X-ray 

crystallography study reported the structure of the SH2-kinase domain portion of FES in 

both active and inactive conformations ().  The crystal structure revealed an interface 

between the SH2 and the kinase domain that controls FES activation.  Upon binding of 

the SH2 domain to a tyrosine phosphorylated ligand, a conformational change in the αC 

helix in the kinase domain results in activation of the FES kinase domain 

(Filippakopoulos et al, 2009).  Like other PTKs, FES auto-phosphorylates on a conserved 

residue within the activation loop region (Y711) of the kinase domain, which leads to 

better access of substrates to the active site of the PTK.  There is also recent evidence for 

FES phosphorylation by Src family kinases (Smith et al; Smithgall), leading to the 

possibility of an upstream kinase mechanism for FES activation.  

 Taken together, FES activation is tightly regulated by multiple domains that alter 

oligomerization, membrane binding, and interactions with tyrosine phosphorylated 

proteins (Figure 2). It also suggests that the active pool of FES in cells is associated with 

SH2 domain ligands engaged in active signaling pathways.   
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Figure 2. Model of FES kinase activation downstream of the SCF/Kit axis. 

FES is maintained in an inactive confirmation, or auto-inhibited state, in the absence of 

appropriate cell stimuli. However, once the F-BAR domain is localized to 

phosphatidylinositol-4,5-bisphosphate (PIP2) or phosphatidic acid (PA) at the membrane 

through the F-BAR/FX domains, FES kinase adopts an open conformation. For FES 

activation, the FES SH2 domain must engage with ligands such as activated Kit receptor, 

microtubules, or other signaling proteins.  Upon activation FES then phosphorylates 

substrates implicated in cytoskeletal reorganization and cell motility. 
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1.3 Cellular and physiological roles of FES  

  Unlike FER, FES expression is tissue-specific with high level expression in 

myeloid cells (e.g. mast cells and macrophages) (Bradshaw, 2010, Hantschel & Superti-

Furga, 2004), myeloid progenitors (Cheng et al, 2001, Lionberger & Smithgall, 2000, Yu 

et al, 1989), vascular endothelial, epithelial and neuronal cells (Haigh et al, 1996). There 

is variable cellular localization of FES depending on the cell type and the activation of 

FES, but FES has been shown to be located within the nucleus (Yates et al, 1995), in the 

trans-Golgi network (Haigh et al, 1996), in vesicle-like structures(Zirngibl et al, 2001) 

and also diffused within the cytoplasm (Laurent et al, 2004).  

  It has been shown that FES may play a role in myeloid cell differentiation and 

homeostasis (Lionberger & Smithgall, 2000, Yu et al, 1989), however, its role there is not 

essential as shown by the normal hematopoietic cell numbers in mice lacking FES kinase 

activity (FES
KR/KR

; (Senis et al, 1999)) or lacking FES expression (fes
-/-

) (Senis et al, 

1999, Zirngibl et al, 2002). Two FES-deficient mice lines were developed independently 

using different methods, by the laboratories of Celeste Simon and Peter Greer. Simon’s 

group targeted the 5’- end of the FES gene, which was reported to result in FES-deficient 

mice with defects in B cells, granulocytes in bone marrow, peripheral blood and spleen, 

reduced viability and increased ankle swelling in response to infection (Hackenmiller et 

al, 2000, Takahashi et al, 2003).  The other fes
-/- 

strain involved removing exons encoding 

the kinase domain, and although these mice showed less overt defects, the studies were 

conducted more thoroughly, often with a rescue of defects using a transgene encoding 
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human c-FES.  These fes
-/-

 mice were viable and showed a reduction in peripheral blood 

monocytes, neutrophils and basophils compared to the WT and the rescue (Zirngibl et al, 

2002). The most dramatic effect in the second FES targeting strategy was the innate 

immune response elicited in response to a lipopolysaccharide (LPS) challenge. It was 

reported that fes
-/-

 mice showed elevated mortality during endotoxemia (Zirngibl et al, 

2002). This was shown to correlate with increased production of proinflammatory 

cytokine TNFα in serum of fes
-/-

 mice treated with LPS (Parsons & Greer, 2006). This 

was correlated with defects in internalization of LPS receptor TLR4 in fes
-/- 

macrophages, 

the first indication that FES may regulate endocytosis (Parsons et al, 2007). The fes
-/- 

mice from the Simon lab may have shown stronger phenotypes due to potential 

disruption of the upstream furin gene, which encodes an essential protease implicated in a 

wide variety of processes. There are also conflicting reports of FES regulating the 

phosphorylation of Signal transducers and activators of transcription (STAT) proteins in 

response to cytokines that might also explain altered cytokine levels in fes
-/- 

mice 

(Hackenmiller et al, 2000, Senis et al, 1999, Zirngibl et al, 2002).    

  Other roles for FES have been discovered using fes
-/- 

mice, including a role for 

FES in regulating mast cell motility (Smith et al, 2010).  FES-deficient mast cells adopt a 

rounded, less polarized phenotype compared to control mast cells (Smith et al, 2010).  

Thus, mast cells represent an excellent model system to characterize the regulation and 

function of FES in regulating changes to the actin and MT cytoskeleton during cell 

migration (Figure 3). 
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Figure 3. Model for FES activation in mast cell polarization through the SCF/Kit 

axis. 

Mast cells express Kit receptors on the cell surface which can be activated upon binding 

stem cell factor (SCF; left).  Subsequent signaling from Kit and Integrins cause mast cells 

to adopt a polarized cell phenotype (right). In the transition from a non-polarized to a 

polarized phenotype, SCF activates Kit receptors in a directional manner. The activated 

Kit receptors are then hypothesized to cause a change in the cellular distribution of FES 

and localized FES activation.  The microtubule organizing center (MTOC) re-orientates 

towards the leading edge and the microtubules extend towards the leading edge at the 

growing end (+), and may possibly interact with FES at the leading edge, while 

maintaining a trailing tail.  
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1.4 Physiological and pathophysiological roles of mast cells 

 Mast cells are bone-marrow-derived cells that contain numerous granules that can 

be rapidly mobilized to release inflammatory mediators in response to an allergic 

challenge. Mast cells express the high affinity IgE receptor, FcεRI that upon clustering by 

antigens or allergens can trigger degranulation.  Mast cells also express Kit (CD117) 

receptor PTK, which binds stem cell factor (SCF) that controls mast cell development 

and survival. Mast cell progenitors are developed from pluripotent stem cells expressing 

CD13, CD34 and Kit (Gurish & Austen, 2001). These progenitors migrate from the bone 

marrow to a number of peripheral tissues in a leukotriene B4-dependent fashion (Weller 

et al, 2005).  Within these tissues, mast cell progenitors undergo differentiation into 

mature connective tissue mast cells (eg. peritoneal cavity and skin) or mucosal mast cells 

(eg. airways and gastrointestinal tract) (Rodewald et al, 1996),  

Mast cells play an important role in mounting appropriate immune responses to a 

variety of pathogens.  However, mast cells are effector cells linked to Type I 

hypersensitivity reactions including anaphylaxis (Gilfillan & Tkaczyk, 2006). Since mast 

cells accumulate near tissue boundaries, it is not surprising that they function as early 

innate immune cells during a variety of infections. The physiological roles of mast cells 

have been identified largely using a number of mast cell-deficient mouse strains (eg. 

Kit
W/Wv

 or Kit
W-sh/W-sh

), caused by mutations that disrupt Kit expression or activation 

(Grimbaldeston et al, 2005). The classical view of mast cell activation is largely through 

IgE and a multivalent antigen interaction with FcεRI that trigger rapid degranulation, and 
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cytokine production (Abramson & Pecht, 2007).  More recent studies have also 

demonstrated roles for mast cells in suppressing inflammatory responses, and promoting 

tumourigenesis (Abramson & Pecht, 2007, Galli et al, 2008, Hakim-Rad et al, 

2009)(Walker et al, 2011).  The diverse physiological roles that mast cells play are due to 

the complex array of mediators they are able to selectively release such as TNF-α, a pro-

inflammatory mediator, and IL-10, an anti-inflammatory mediator (Kalesnikoff & Galli, 

2008). Additionally, mast cells release metalloproteases, growth factors and promoters of 

neo-vascularization which can contribute to tumour progression (Coussens & Werb, 

2002, Kalesnikoff & Galli, 2008). Recent epidemiological studies suggest the presence of 

MCs in breast cancer (Djordjevic & Hanna, 2008), follicular lymphoma(Taskinen et al, 

2008), and prostate cancer (Nonomura et al, 2007a, Nonomura et al, 2007b)correlate with 

poor patient outcome.  

 

1.5 FES is activated downstream of the Kit receptor in mast cells 

  Kit is a type III receptor PTK expressed largely on the surface of hematopoietic 

stem cells and several mature cell types, including mast cells and melanocytes (Haigh et 

al, 1996, Ronnstrand, 2004, Roskoski, 2005, Yu et al, 2006).  Kit is a 145 kDa protein 

containing five Ig-like domains, a transmembrane motif, a juxtamembrane domain, and a 

split PTK domain containing a number of autophosphorylation sites (Lennartsson et al, 

2005).  Mast cells are the only mature leukocytes that maintain Kit expression following 

differentiation (Lennartsson et al, 2005).  Kit receptor signaling is important in many 
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cellular pathways including cell differentiation, proliferation, survival, adhesion and 

migration (Ronnstrand, 2004, Roskoski, 2005). SCF is expressed both as a 

transmembrane isoform, and also as a secreted polypeptide. Soluble SCF can also be 

generated by proteolysis by MMP9.  Activation of Kit following SCF binding involves 

Kit receptor dimerization through the kinase domains and trans-phosphorylation at nine 

tyrosine phosphorylation sites (Ronnstrand, 2004).  Once phosphorylated, the multiple 

phosphorylated tyrosine residues serve as docking sites for numerous signaling proteins, 

including Phospholipase Cγ1, the p85 subunit of phosphoinositide 3’ kinase (PI3K), Src 

family tyrosine kinases Lyn and FYN, adapter Grb2, SHC, SHP-1, and FES (Linnekin, 

1999, Ronnstrand, 2004) (Smith et al, 2010) . FES activation occurs following SH2 

domain-mediated recruitment to juxtamembrane residues in Kit (Smith et al, 

2010)(Voisset et al, 2010).  Studies have shown that downstream from the Kit receptor, 

FYN and FES may play a role in mediating mast cell migration. FYN has been shown to 

mediate mast cell migration through Rac activation and confer a spread phenotype on 

fibronectin (FN) (Samayawardhena et al, 2007), whereas FES is required for SCF-

induced mast cell chemotaxis. This is inferred by the observation that less FES-deficient 

mast cells adopted a polarized phenotype and migrated towards SCF (Smith et al, 2010). 

Although several potential FES substrates have been identified, the molecular 

mechanisms for FES-induced cell motility are poorly defined. 
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1.6 Role of microtubules in cell migration 

Microtubules are polymers of α/β-tubulin heterodimers that polymerize in a head-

to-tail fashion. The nucleotide exchangeable E-site on β-tubulin is exposed to a catalytic 

site on α-tubulin that promotes the hydrolysis of the GTP at the E-site. In this manner 

tubulin acts as its own GTPase activating protein (GAP) (Nogales et al, 1998). Extending 

from the microtubule organizing center (MTOC) which consists mainly of γ-tubulin, 

microtubule polymerization is thought to occur in two steps; nucleation and elongation. 

Initially, a nucleus of 6-12 α/β-tubulin dimers form, followed by elongation into 

protofilaments that assemble into 13 parallel protofilament bundles to create the 

cylindrical MT filament.  Although the mechanism for MT polymerization is still 

disputed, it is widely believed that ~13 parallel protofilaments form a sheet that is able to 

close into a tube as GTP hydrolysis occurs (Chretien et al, 1995, Nogales & Wang, 

2006). 

  MTs are dynamic structures that undergo treadmilling and dynamic instability. 

Treadmilling refers to the balance between α/β-tubulin heterodimers associating and 

disassociating from protofilaments on the plus end, in which the net effect is zero net 

filament growth (Chretien et al, 1995). Whereas, dynamic instability refers to alternating 

between the growing and the shortening phase, in which a transition from growing to 

shortening phase is termed “catastrophe” and from shortening to growing is termed 

“rescue” (Nogales & Wang, 2006). The energetically unstable characteristic of 

microtubules is essential to its function in cell division, cell polarity, cell migration and 
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neuronal differentiation (Chretien et al, 1995). The functional importance in regulating 

microtubule dynamics explains the large number of direct regulators of microtubule 

dynamics which are generally categorized as microtubule-associated proteins  (MAP) 

(Etienne-Manneville, 2010).   

Directional cell migration is a very important process imperative to eukaryotes 

during developmental morphogenesis, tissue repair and regeneration, and tumour 

metastasis. During cell migration, cells break away from symmetry and adopt a polarized 

phenotype often in response to extracellular signals in a process called chemotaxis 

(Watanabe et al, 2005)(Figure 3).  At the leading edge of a polarized cell there are often 

chemotactic factors activating surface receptors, while the microtubule-organizing center 

(MTOC) and the Golgi apparatus orient towards the direction of migration (Rodriguez et 

al, 2003). In this complex coordination process to reorganize the actin and microtubule 

cytoskeletons, the key regulators are the signaling molecules and adhesion molecules 

which are asymmetrically distributed or activated within the cell during cell migration 

(Ridley et al, 2003). During cell migration, adhesion complexes undergo a constant cycle 

of assembly at the leading edge of the cell, and disassembly at the trailing edge.  Some of 

the key regulators of cell migration downstream of a variety of receptors control the 

activation of Rho family GTPases.  Like other GTPases, Rho GTPases cycle between 

GTP-bound state in which signaling to effectors occurs, and the inactive GDP-bound 

state.  This cycle is controlled by binding of guanine nucleotide exchange factors (GEFs), 

and GAPs to Rho GTPases.  RhoA regulates assembly of contractile actin and myosin 
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located at the rear of the cell, while Cdc42 and Rac1 are activated at the leading edge 

where they induce lamellipodia and filopodia. Filopodia are finger-like protrusions 

containing bundled filamentous actin (F-actin), while lamellipodia are wave-like 

protrusions supported by extensive networks of branched F-actin.  In addition to 

regulating F-actin-based structures, Rho GTPases also regulate microtubule dynamics at 

the plus end (Watanabe et al, 2005). RhoA through its effector mDia, induces a post-

translational modification of microtubules to form detyrosinated tubulin (Glu-MTs) that 

are more stable with a half-life of approximately1 hour (Westermann & Weber, 2003).  

Activated Rac1 stabilizes microtubules at the leading edge through the activation of 

PAK, which directly phosphorylates and inactivates stathmin, a MAP that induces 

microtubule catastrophe (Cassimeris, 2002, Daub et al, 2001, Wittmann et al, 2004). 

Cdc42 signaling is essential during chemotaxis for proper reorientation of the MTOC 

towards the leading edge, and this involves Cdc42 effectors (eg. Par6, PKC, CLIP-170 

and APC) (Etienne-Manneville & Hall, 2003, Mimori-Kiyosue et al, 2000, Watanabe et 

al, 2004). 

Since one of the major contributing factors to cancer mortality is due to the spread 

of a highly migratory subset of cancer cells (“metastasis”), microtubule regulatory 

proteins are becoming an attractive target for anticancer drugs (Singh et al, 2008).  This is 

based on the rationale that microtubules are very important during cell migration. And by 

targeting specific MAPs that promote MT reorganization during migration, it may be 

possible to lower the likelihood of metastasis (Singh et al, 2008). Since FES has been 
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linked to mast cell migration and microtubule interaction, FES may be a MAP worth 

investigating as a potential therapeutic target.  

 

1.7 The role of mast cells in the tumour microenvironment  

 Cancer metastasis is a leading cause of cancer related death (Murphy, 2001). 

Metastatic cancer cells are highly motile and invasive, and have the ability to degrade 

surrounding tissues to facilitate their entry into the lymph nodes or the blood stream 

(Chaffer & Weinberg, 2011). In addition to changes in the cancer cells, there is 

increasing evidence that the stromal cells from the tissue play a major role in regulating 

tumour progression.  In addition to tumour-associated macrophages and tumour-

associated fibroblasts, mast cells have also been shown to be recruited into the tumour 

microenvironment. Mast cells are highly migratory cells and express surface receptors 

such as FcεRI, complement receptors, Kit receptor and Toll-like receptors. Interaction of 

Toll-like receptors on mast cells with damage-associated molecular patterns (DAMPs) 

found in abundance in the tumour stroma have been linked to mast cell recruitment 

(Fischer & Ehlers, 2008, Piccinini & Midwood, 2010).   Also, mast cells in the 

surrounding tissues are also recruited to the tumour microenvironment through the 

release of tumour-derived SCF (Huang et al, 2008) (Figure 4). Importantly, this study 

demonstrated that a variety of solid tumours express SCF, which leads to Kit activation in 

mast cells that promotes mast cell recruitment (Figure 4).  Tumor-derived SCF secretion 

is not limited to a particular cancer type, with evidence for SCF mRNA and protein 
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expression from hepatocarcinoma (H22 cells), breast cancer (4T1 cells), colon cancer 

(colon-26 cells), prostate cancer (RM1 cells), melanoma (B16 cells), lung cancer (A549 

and LLC1 cells), and gastric cancer (SNU1 cells) (Huang et al, 2008). Once recruited to 

the tumours, mast cells activated via the SCF/Kit signaling pathway were shown to 

produce a variety of pro-tumourigenic factors, including growth factors (eg. EGF, PDGF, 

NGF), tumour stroma remodeling protein (eg. matrix metalloprotease-9 (MMP9)), 

immunosuppressors (eg. IL-10, TGF-β, adenosine), and angiogenic factors (eg. VEGF, 

angiogenin, heparin) (Galli et al, 2005, Huang et al, 2008).  

 As shown in epidemiological studies using human patient samples, mast cell 

recruitment has been observed in the tumour microenvironment of many cancer patients. 

There is ongoing debate about possible detrimental or beneficial effects of mast cell 

accumulation in the tumour stroma shown through the variability in its correlation with 

patient prognosis (Maltby et al, 2009). However, despite their positive role in the immune 

response, a majority of human tumours show higher mast cell numbers associated with 

greater vascularity and decreased patient survival (Crivellato et al, 2008). A recent 331 

patient renal cancer study found that the presence of low mast cell numbers (0-3) in 30 

fields of tissue correlated with a better patient prognosis (Fischer & Ehlers, 2008). A 

similar correlation was observed in a study with patients with Hodgkin’s lymphoma 

(Molin et al, 2002a).  Mast cells are also pro-tumourigenic in human thyroid cancers 

(Melillo et al, 2010). 
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  However, in certain cancer types, mast cells have demonstrated protective 

properties. In a large invasive breast cancer study with 4,444 cases, stromal mast cells 

were correlated with a positive prognosis (Rajput et al, 2008). And it is thought that mast 

cells are able to infiltrate and mediate direct tumour killing, as seen in a recent 175 

patient non-small cell lung cancer study.  Researchers have associated mast cell 

infiltration into the islets, but not surrounding stroma, with improved prognosis (Welsh et 

al, 2005a). 
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Figure 4. Model for mast cell recruitment into the Tumor microenvironment. 
Mast cells are recruited into the tumor microenvironment due to the localized expression 

of SCF by tumour cells that activates Kit signaling in local mast cells, leading to 

enhanced cell motility. Once recruited and activated, mast cells release a number of pro-

tumourigenic factors. 
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Some of these discrepancies in human studies may arise from heterogeneity in mast cell 

phenotypes between patients.  From work in mouse models of mast cell deficiency, it is 

clear that mast cells promote tumour progression, likely due to the production of a vast 

array of protumourigenic mediators.  Since most studies implicate tumour-associated 

mast cells with cancer progression and worse prognosis, mast cell migration pathways are 

becoming attractive therapeutic targets.  

 

1.8 Role of FES in cancer prognosis  

  Protein tyrosine kinases such as Kit and Abl are well established oncogenes in 

which gain-of-function mutations greatly increase their kinase activities and downstream 

signaling to promote tumourigenesis. Although FES was one of the first PTKs to be 

characterized as a viral oncogene, to date only one study of FES mutations in human 

cancer has been reported.  Surprisingly, the FES mutations identified in colorectal cancer 

were found to disrupt FES kinase activity, suggesting a tumour suppressor role for FES 

(Delfino et al, 2006, Sangrar et al, 2005). In a cohort of 44 colorectal cancer patients, 

FES expression was reduced or absent compared to the matching normal control sections, 

suggesting a protective role of FES expression in colorectal cancer (Delfino et al, 2006).  

However, in prostate cancer, increased FES expression was shown to be an independent 

predictor of poor outcome and poor prognosis and was further suggested to be a useful 

predictor of biochemical recurrence after radical surgery (Miyata et al, 2011). Although 

correlation between patient prognosis and FES expression is inconsistent across cancer 
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types, it would be interesting to look at the correlation between FES expression and 

metastasis, since FES has been shown to promote cell migration. 

 As increasing attention is turned to the role of the tumour microenvironment in 

mediating tumour growth, angiogenesis, and metastasis, FES kinase is a potential 

therapeutic target, due to high FES expression in myeloid cells that produce 

inflammatory mediators linked to cancer progression (Coussens & Werb, 2002).  As 

such, identifying the role of FES within the tumour stroma has recently been investigated 

in a breast cancer xenograft model in mice. For these studies, fes
-/-

 mice were bred onto a 

nu/nu mouse background (lacking B cells and T cells) to allow xenografting of a variety 

of human or mouse tumour cells. After AC2M2 mouse mammary carcinoma cells were 

injected into mammary fat pads of control and fes
-/-

 mice, it was observed that tumours in 

fes
-/-

 mice were smaller, with reduced tumour-associated vasculature and tumour-

associated macrophage recruitment, and less circulating tumour cells compared to control 

mice (Zhang et al, 2011).  This study suggests that FES inhibitors may limit breast cancer 

progression and metastases.  These studies point to FES PTK as a potential therapeutic 

target in some cancers. FES inhibitors should cause few potential side effects considering 

that fes
-/-

 mice are viable, and with relatively mild phenotypes observed only following a 

potent inflammatory response (Zirngibl et al, 2002) 
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1.9 Project rationale 

  A number of studies have implicated FES PTK in localizing to MTs and 

regulating cell motility.  However, it is unclear whether this is a direct interaction 

between FES and MTs, and whether FES regulates MT organization in motile cells. 

Recent studies have identified FES as an important signaling protein downstream of the 

Kit receptor in mast cells that regulates mast cell adhesion, polarization, and migration 

towards SCF (Smith et al, 2010, Voisset et al, 2010). Additionally, in vivo studies 

investigating the role of mast cell recruitment have suggested a correlation between mast 

cell migration and cancer prognosis (Maltby et al, 2009, Rajput et al, 2008, Rao & 

Brown, 2008). Furthermore, Zhang et al., (2010) have shown that FES expression in the 

tumour microenvironment may promote tumour growth, angiogenesis and metastasis 

likely through the recruitment of tumour-associated macrophages. Based on these 

previous studies, it is hypothesized that FES interaction with MTs may regulate MT 

reorganization during mast cell recruitment into the tumour microenvironment leading to 

enhanced tumour progression. 

 This thesis aims to identify a direct interaction between FES and MTs in vitro, 

and determine the relative contributions of the N-terminal F-BAR/FX domains and the 

SH2 domain. I also plan to address whether FES co-localizes with MTs in a 

physiologically relevant cell system, namely mast cells activated via the SCF/Kit 

signaling pathway.  I will also test whether FES is required for MT reorganization during 

mast cell polarization and motility.  Lastly, I will test whether fes
-/-

 mast cells show 
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defects in recruitment to the tumour microenvironment. Together, this thesis aims to 

provide novel insights into molecular mechanisms of FES activation and signaling within 

mast cells, and whether this influences the recruitment of mast cells to the tumour 

microenvironment. 
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Chapter 2 

Materials and Methods 

2.1 Glutathione S-Transferase fusion protein expression and purification 

  Plasmids encoding Glutathione S-Transferase (GST) fusion to N-terminal 

(residues 1-459) and C-terminal (460-822) fragments of FES were previously described 

(McPherson et al, 2009, Sangrar et al, 2005).  The L145P and R483E mutations were 

generated in pGEX-FES 1-459 and pGEX-FES 460-822 plasmids using the QuikChange 

Site-Directed Mutagenesis Kit (Invitrogen).  All plasmids were transformed into BL21 

cells, colonies were picked, and grown in 1L cultures of Luria-Bertani (LB) broth to mid-

log phase, and protein expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) overnight at room temperature. Cell pellets were 

resuspended in A1000 buffer (20 mM Tris pH 8, 1000 mM NaCl, 0.2 mM EDTA, 0.5 

mM DTT, 0.1% phenylmethylsulfonyl fluoride [PMSF], 10 mg/ml lysozyme), sonicated, 

and clarified by centrifugation prior to purification using Glutathione-Sepharose beads 

according to the manufacturer’s instructions (GE Healthcare Ltd.).  All purified GST 

fusion proteins were dialyzed in PBS, and aggregates removed by ultracentrifugation 

(60,000 x g) prior to experiments. 

 

2.2 Microtubule binding assays 

  Soluble tubulin purchased from Cytoskeleton (Cat#T240) was adjusted to 1 mM 

MgGTP, depolymerized on ice for 20 mins, clarified by centrifugation at 13,300 x g for 
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30 mins and the supernatant fraction was allowed to repolymerize in a 34 ºC waterbath 

for 20 mins, at this point 10 μl of PME buffer (10mM Pipes pH6.9, 5mM MgCl, 1 mM 

EGTA, 0.1 mM MgGTP, 1 mM DTT) supplemented with 40 µM taxol was added to the 

fraction and incubated for an additional 20 mins. Polymerized MTs were precipitated by 

centrifugation 13, 300 x g for 30 mins at room temperature and MTs were resuspended in 

ATPase buffer (20mM HEPES pH with KOH to 7.2, 5 mM MgAc, 0.1 mM EGTA, 0.1 

mM EDTA, 25 mM KAc, 1mM DTT).  MTs (0-5 µM) were incubated with 4 µM FES 

protein in ATPase buffer (100 µl final volume). Bound proteins were precipitated by 

ultracentrifugation at 100,000 x g for 1hr and both supernatant and pellet fractions were 

separated by SDS-PAGE and stained with Coomassie blue.   

2.3 COS-7 cell co-transfections and confocal microscopy 

  On day 1, ~70,000 COS-7 cells were seeded onto coverslips within a glass 

coverslip coated with 0.1% gelatin, O/N at RT. On day 2, FuGENE HD (Roche 

Diagnostics Inc.) transfections were setup in polystyrene tubes at a FuGENE to plasmid 

DNA ratio of 5:2. In each of these co-transfections, 1 µg of mCherry-tubulin (Steigemann 

et al, 2009)and 1 µg of a GFP-FES plasmid (pEGFP-C2-FES 1-459
WT

, pEGFP-FES 1-

459
 L145P

, pECE-FES FL-GFP, previously described in McPherson et al.italics 2009.) 

were topped up to 100 µl with serum-free DMEM media, mix and incubated for 15 

minutes. The transfection mixture was then added to COS-7 cells, incubated O/N at 37 

ºC, and coverslips were fixed 24 hrs afterwards for co-localization analysis.  

Visualization was performed by confocal microscopy (HCX PL APO DIC 63×/1.32 Oil 
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CS objective; Leica TCS SP2 Multi Photon) and the analysis was performed using the 

Leica Confocal Software.  

2.4 BMMC cultures 

  BMMCs were generated as previously described (McPherson et al, 2009, Udell et 

al, 2006). Femoral bone marrow cells were flushed from WT and fes
-/-

 mice (129/SvJ 

background; 4-8 weeks of age) in BMMC media (Iscove’s modified Dulbecco’s medium, 

10% [vol/vol] fetal bovine serum, 1% [vol/vol] antimicrobial/antimycotic solution, 1 mM 

sodium pyruvate, 1% [vol/vol] nonessential amino acids, 5% [vol/vol] conditioned 

medium from X63-IL-3 cells (source of IL-3), 5% [vol/vol] conditioned medium from 

HEK293-KLS cells (source of SCF), 50 µM α-monothiolglycolate). Non-adherent cells 

were maintained at a density of 0.5-1.5 x 10
6
 cells/ml and adherent cells were discarded 

every 3-4 days, for 4-5 weeks. BMMC maturity was assessed using flow cytometry to 

detect surface expression of FcεRI and Kit.  BMMCs (1 x 10
6
 cells/sample) were 

sensitized O/N with anti-dinitrophenyl (DNP) IgE (20% [vol/vol] conditioned medium 

from SPE-7 cells), and labeled with anti-IgE-fluorescein isothiocyanate (FITC; Southern 

Biotechnology Associates, Inc.) and anti-Kit-phycoerythrin (PE; Caltag Labs), or with 

the isotype controls rat anti-IgG1-FITC (Caltag Labs) and rat anti-IgG2b-PE (Caltag 

Labs), prior to analysis on an Epics Altra HSS flow sorter.  

2.5 Immunoprecipitation and immunoblotting 

  Soluble cell lysates (SCLs) from WT and fes
-/-

 BMMCs (5-10×106 cells/condition) 

were subjected to immunoprecipitation (IP) with anti-FES/FER serum (10 μl/IP) kindly 
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provided by Dr. Peter Greer (Queen’s University; rabbit pAb).  Antibody-protein 

complexes were collected by incubation O/N at 4 ºC with 25 μl of GammaBind 

Sepharose (50% [vol/vol] slurry in PBS) and washed three times with kinase lysis buffer. 

Proteins were recovered with the addition of 25 μl of 2× sodium dodecyl sulfate sample 

buffer (130 mM Tris-HCl [pH 6.8], 20% [vol/vol] glycerol, 2% [wt/vol] sodium dodecyl 

sulfate, 10% [vol/vol] β-mercaptoethanol, 0.08% [wt/vol] bromophenol blue) and 

separated by SDS-page gel. Proteins were then transferred to polyvinylidene difluoride 

(PVDF) membranes using a semi-dry transfer apparatus (Bio-Rad) and immunoblotting 

(IB) was carried out by incubation with anti-FES/FER antibody (1:1000). Proteins were 

detected with horseradish peroxidase (HRP) conjugated donkey anti-rabbit Ig (1:10000; 

GE Healthcare Ltd.) and visualized with enhanced chemiluminescence (ECL) reagents 

(Applied Biological Materials Inc.). 

2.6 Cancer cell lines, conditioned medium, RNA extraction, cDNA conversion and 

SCF expression 

  Mouse mammary carcinoma SP1 cells and the more highly metastatic derivative 

AC2M2 were kindly provided by Dr. Bruce Elliott, Queen’s University (Elliott et al, 

2005). SP1 and AC2M2 cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% [vol/vol] fetal bovine serum, 1% [vol/vol] glutamine, 

and 1% [vol/vol] antimicrobial-antimycotic solution.  HEK-KLS cells are stably 

transfected HEK293 cells with Myc-tagged soluble SCF cDNA (C. Udell &A. Craig, 

unpublished). Conditioned medium from AC2M2 and HEK-KLS was obtained from 30 x 
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10
6 

cells every 3 days, passaged at a ratio of 1:5 and supernatants were pooled. 

Conditioned medium (CM) from AC2M2 cells was separated by SDS-PAGE, transferred 

to PVDF membranes using a semi-dry transfer apparatus (Bio-Rad), and subjected to IB 

with anti-SCF (Millipore, 1:1000).  RNA was extracted from 3 million AC2M2, SP1 and 

HEK-KLS cells. The cells were first lysed with 1 ml Trizol (Gibco-BRL) according to 

the manufacturer’s instructions. The extracted RNA was immediately converted to cDNA 

using SuperScript
TM

 II RT (Invitrogen).  RNase-free microcentrifuge tubes containing 

100 ng random primers, 3 ng total RNA, 10 mM dNTPs, and 12 µl sterile water were 

heated to 65 ºC for 5 mins and chilled on ice prior to addition of:  4 µl 5x First-Strand 

buffer, 2 µl 0.1M DTT, and SuperScript
 TM

 II RT (200 units). Following incubation at 25 

ºC for 10 mins the mixture was incubated at 42 ºC for 50 mins and heat inactivated at 70 

ºC for 15 mins to obtain the cDNA.  

  Mouse SCF gene expression by the AC2M2, SP1 and HEK-KLS cells were 

determined by PCR amplification and analysis by using the sense primer sequence 5′-

GCTTGACTACTCTTCTGGAC-3′ and the anti-sense primer sequence 5′-

CTCTCTCTTTCTGTTGCAAC-3′. Mouse GAPDH was used as the negative control; 

sense primer sequence 5′-CAGATGATGGGAGAGAAGCAG-3′, anti-sense primer 

sequence 5′-CAGTGGATGCAGGGATGATGTTCTG-3′. The PCR reactions were set up 

using 100 ng cDNA, 5 pmol primers, Taq polymerase and the PCR mixture  (2.5 µl 10x 

PCR buffer, 1.25 µl, 50mM MgCl2, 0.5 µl 10 mM dNTP mix) made to a final volume of 
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25 µl with double distilled water. PCR was carried out at annealing temperature of 65ºC 

for 30 cycles using an iCycler (Bio-Rad).  

   

2.7 BMMC agarose drop migration assays  

  Agarose drop chemotaxis assays were previously described for adherent cancer 

cells (Wiggins & Rappoport, 2010), and were adapted for use with BMMCs as described 

here. BMMCs were starved of IL-3 and SCF O/N in BMMC starvation medium (Iscove’s 

modified Dulbecco’s medium, 10% [vol/vol] fetal bovine serum, 1% [vol/vol] 

antimicrobial-antimycotic solution, 1% [vol/vol] glutamine, 1 mM sodium pyruvate, 1% 

[vol/vol] nonessential amino acids, 50 µM α-monothioylglycolate).  In the agarose drop 

assays, coverslips were coated with 20 ng/ml fibronectin O/N at RT, and afterwards a 

0.5% agarose drop containing SCF (30μg/μl) was added to the center of the coverslip (10 

µl) and placed at 4 ºC for 15 mins. BMMCs (5 x 10
5
 cells) were added to each well, and 

allowed to migrate O/N. Afterwards the cells were fixed and immunostained as described 

in the following section.   

  For live-cell imaging, WT and fes
-/-

 mast cells were stained with CellTracker 

green or CellTracker orange (Invitrogen; 10 μM), respectively.  After 45 mins, BMMCs 

were resuspended in cytokine free starvation medium and were used in migration assays 

within 24 hrs. Stained cells were mixed at a ratio of 1:1 (1 million cells in total) and used 

to seed the coverslip with an SCF-containing agarose drop for an O/N migration. Images 

were collected at the edge of the agarose drop by the Quorum Wave FX microscope (10X 
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objectives) every 2 mins, with 21 z-axis slices. Images were compiled using the Quorum 

Wave Software and migration analysis was done using ImageJ manual tracking program.  

 

2.8 BMMC immunofluoresence microscopy and co-localization  

  In the adhesion and migration assays, endogenous FES and α/β-tubulin 

immunofluorescence (IF) staining were performed on WT and fes
-/- 

BMMC attached to 

20 ng/ml fibronectin coated coverslips. Cells were fixed with 4% paraformaldehyde, 

permeabilized with 0.2% Tween-20, blocked using 5% goat serum (Sigma-Aldrich), and 

incubated with rabbit anti-FES/FER (Greer Lab, 1:50) and mouse anti- α/β-tubulin ( Cell 

Signaling Technology; 1:50) at 4°C overnight. Following extensive washing in 

PBS/0.2% Tween-20, coverslips were incubated with Alexa Fluor 488-conjugated goat 

anti-rabbit IgG (1:400; Invitrogen) and Alexa Fluor 633-conjugated goat anti-mouse IgG 

(1:400; Invitrogen) at room temperature for an hour. After washing 3 times with 

PBS/0.2% Tween-20, coverslips were mounted on slides and analyzed by confocal 

microscopy (HCX PL APO DIC 63×/1.32 Oil CS objective; Leica TCS SP2 Multi 

Photon). 

2.9 BMMC Transwell migration assays using cancer cell line conditioned media 

  The underside of the Transwell chambers (3 µM) were coated with 20 μg/ml 

fibronectin for 2 hrs at 37 ºC, rinsed once with PBS and used for the migration assays 

with starved BMMCs for 4 hrs. CM from AC2M2 and HEK-KLS cells were used as 

chemotactic factors. 4 × 10
5
 starved BMMCs were added to the top chambers and the 



 

31 

 

conditioned medium were added to the lower chambers. To assess the contribution of the 

SCF/Kit axis, anti-SCF neutralizing antibody (Millipore) was added to the cancer cell 

CM at a final concentration of 1 μg/ml for one set of migration assays.  Also, a Kit 

inhibitor (Calbiochem) was added to the starved BMMCs at a working concentration of 1 

μM, prior to the addition into the Transwell chambers. After incubation at 37 ºC for 4 hrs, 

cells on the upper surface of the membrane were removed with a cotton swab and 

migrated cells on the bottom of the membrane were counted. The cells were then fixed in 

4% paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS and 4',6- diamino-2-

phenylindole (DAPI; 300 nM). BMMCs were visualized by fluorescence microscopy, 

and the number of cells was recorded for 4 fields of view per membrane at 10× 

magnification to calculate relative migration. The experiments were all done in triplicate.  

2.10 Tumour engraftment into transgenic mice  

  Age-matched WT and fes
-/- 

female nude mice were injected with 50,000 AC2M2 

cells (in PBS) subcutaneously into the lower flank fo the back. Tumour growth at the 

injection site was measured by ultrasound imaging (VisualSonics Vevo 770) at 16, 19, 

and 21 days afterwards. On day 21, the mice were euthanized and the tumours were 

removed and fixed in paraformaldehyde. 

2.11 Mast cell staining   

  Subcutaneous tumours were harvested after 21 days. The mammary fat pad 

tumours from similar AC2M2 engraftments harvested after 23 days were kindly provided 

by Dr. Peter Greer (Queen’s University).  The subcutaneous tumours and surrounding 



 

32 

 

stromal tissue were formalin-fixed, paraffin-embedded and sectioned (4 μm). The 

tumours and surrounding stroma were stained with 1% alcian blue (pH 2.5 in 3% acetic 

acid) and 0.1% nuclear fast red (Kernechtrot; Poly Scientific R&D Corp.).  Images were 

acquired on a microscope equipped with a CCD camera, and mast cells (Alcian-blue 

positive cells) were counted at the tumour periphery (≈10 cell diameter) for 4 fields of 

view for each mouse tissue.  

2.12 Densitometry and statistical analysis 

  Coomassie blue-stained SDS-PAGE gels for MT binding assays were scanned 

and the mean density for each band was analyzed using ImageJ software.  Background 

signals were corrected for by subtraction of FES protein precipitation in the absent of 

MTs prior to determining the relative fraction bound. Statistical significance was 

determined using Microsoft Excel to calculate a p value using the Student’s t-test, where 

p≤0.05 was considered to be statistically significant. Standard deviation (SD) or standard 

error of the mean (SEM) were calculated as indicated. 
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Chapter 3 

Results 

3.1. FES F-BAR and SH2 domain independently confer direct MT binding  

 FES was previously shown to co-localize with MTs in COS7 cells, and this was 

enhanced by the L145P mutation within the F-BAR domain and reduced by disrupting 

the SH2 domain of FES (Laurent et al, 2004).  Since FES could be recruited to MTs in 

cells without directly binding MTs, we tested for direct binding of FES to polymerized 

MTs in vitro. MT binding assays were performed with purified GST fusion proteins 

encoding the N-terminal F-BAR/FX domains (1-459), or the C-terminal SH2/kinase 

domains (460-822).  In addition, the L145P mutation that disrupts oligomerization, and 

the R483E mutation that disrupts the SH2 domain binding pocket for phosphotyrosine 

peptides were generated (Figure 5A).  Polymerized MTs were obtained by cycling 

purified tubulin into insoluble MTs as described in Material and Methods.  Increasing 

concentrations of polymerized MTs (0,1,3,5 μM) were incubated with 4 μM of GST-FES 

protein or GST alone as a negative control. The samples were separated by centrifugation 

and the supernatant (S) and pellet (P) fractions were separated by SDS-PAGE. Following 

Coomassie blue staining, densitometry was used to quantify the fraction of protein bound 

to MTs.  Since MTs are insoluble, FES binding directly to microtubules would result in 

an increase of FES in the pellet fraction. As expected, incubation of GST (4 μM) with 

MTs (5 μM) resulted in very little binding, indicated by the presence of GST (26 kDa) in 
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the supernatant, but not in the pellet fraction (Figure 5B). Also, GST did not cause any 

significant depolymerization of MTs, since tubulin (55 kDa) was entirely in the P fraction 

(Figure 5B).  Incubation of FES N-terminal fragments 1-459 (WT) and 1-459 (L145P) 

proteins (≈75 kDa) with increasing concentrations of MTs led to increasing recovery of 

FES 1-459 WT within the pellet fraction (Figure 5C, left lower panel). Similarly, the 

L145P mutant was also found in the pellet fraction with increasing concentrations of MTs 

(Figure 5C, right lower panel). Although the purified FES 1-459 (L145P) mutant 

contained several partial proteolytic fragements (Figure 5C upper panel), only the full 

length protein was observed in the pellet fraction (Figure 5C, lower panel).  For both FES 

N-terminal fragments, we also observed some depolymerization of MTs, suggested by 

increasing tubulin in soluble fractions (Figure 5C, upper panels).  These results suggest 

that FES binds MTs directly via its N-terminal domains, and that this does not require 

FES oligomerization.  

  Next, the FES C-terminal fragments 460-822 WT and 460-822 (R483E) mutant 

were tested in the MT binding assay. The FES 460-822 WT protein (≈65 kDa) was 

readily detected in the pellet fraction with increasing concentrations of MTs, while the 

supernatant fractions showed a corresponding drop in FES levels (Figure 5D). This 

suggests that the SH2 and/or kinase domains are able to directly bind MTs. Interestingly, 

the SH2 domain mutant (R483E) showed only limited binding to MTs (Figure 5D, right 

lower panel). Densitometry analyses were performed for multiple MT binding assays to 

quantify these results. The fraction bound for FES 1-459 WT and L145P proteins 
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consistently rose with increasing concentrations of tubulin (Figure 5E).  Although the 

L145P mutant showed a slightly higher average fraction bound than WT at lower tubulin 

concentrations, the differences were not statistically significant.  The FES 460-822 WT 

protein showed higher average MT binding than FES 1-459 at each tubulin concentration 

(Figure 5F). Also, the SH2 domain mutant (R483E) showed a dramatic decrease in MT 

binding (Figure 5F).  These results provide evidence for two modes of FES binding to 

MTs, and suggest that the SH2 domain is required for binding of the C-terminal region of 

FES.  This implies that the FES 480-822 fragment binds MTs due to interactions with 

tubulin pY residues.  We confirmed that our source of tubulin showed pY reactivity by 

immunoblotting with pY antisera, and this reactivity was reduced following incubation 

with a tyrosine phosphatase (data not shown).   
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Figure 5. FES binds MTs via the F-BAR and SH2 domains.  
Purified GST-fusions to the N-terminal and C-terminal fragments of FES were incubated 

with increasing amounts of polymerized tubulin (0,1,3,5 μM) in a MT binding assay. 

Samples were separated by analytical ultracentrifugation, separated by SDS-PAGE and 

detected by Coomassie blue staining.  Densitometric analysis was performed to determine 

the fraction bound. A. Schematic view of GST fusions to the N-terminal half of FES (1-

459, encoding the F-BAR and FX domains), and to the C-terminal half (460-822, 

encoding the SH2 and kinase domains). B. GST protein (4 M) was incubated with MTs 

(5 M) and subjected to MT binding assay. The supernatant (S) and pellet (P) fractions 

were analyzed by SDS-PAGE and Coomassie blue staining. Positions of molecular mass 

markers are shown on the left; bands corresponding to MT and GST are shown on the 

right. C. FES 1-459 WT and L145P were subjected to MT binding assay as described 

above. Positions of molecular mass markers are shown on the left, bands corresponding 

to MT and FES are shown on the right. D. FES 460-822 WT and R483E were subjected 

to MT binding assays as described above.  Positions of molecular mass markers are 

shown on the left, bands corresponding to MT and FES are shown on the right. E. Graph 

showing the fraction of FES 1-459 WT and L145P bound to MTs (± SD) determined by 

densitometry for 3 separate experiments. F. Graph showing the fraction of FES 460-822 

WT and R483E bound to MTs (± SD) determined by densitometry for 3 separate 

experiments.  
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3.2. FES L145P mutant increases localization to MTs independent of effects on 

kinase activity. 

  Previous studies demonstrated that the L145P mutation in full length FES resulted 

in increased localization to MTs. However, this mutation also causes increased FES 

kinase activity, which may lead to increased tubulin or MT pY in these transfected cells.  

To better define the effects of the L145P mutation on MT localization, we compared the 

localization of green fluorescent protein (GFP) fusions to full length FES, or the N-

terminal region (1-459) with or without the L145P mutation (Figure 6A), to that of m-

cherry-tubulin.  COS7 cells were transiently transfected with GFP-FES and m-cherry 

tubulin and analyzed by confocal microscopy.  Full-length FES (green) was localized 

throughout the cytoplasm, but was enriched in MTs marked by m-cherry-tubulin (red) 

(Figure 6B; indicated by yellow colour in merge panel).  The FES 1-459 fragment 

encoding only the F-BAR/FX domains showed a more diffuse localization in the 

cytoplasm, with little evidence of co-localization with m-cherry-tubulin (Figure 6B). 

However, the L145P mutation within the 1-459 construct showed a strong co-localization 

with m- cherry-tubulin within the perinuclear region (Figure 6B).  Since this construct 

lacks the kinase domain, we conclude that the L145P mutation causes a conformational 

change in the FES N-terminal domain that enhances MT binding.   
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Figure 6. FES L145P mutation promotes localization to MTs independent of effects 

on kinase activity. 

COS7 cells were transiently transfected with m-cherry-tubulin mixed with either GFP-

FES full length (FL), GFP-FES 1-459 WT, or GFP-FES 1-459 (L145P) plasmids by 

FuGENE transfection. Representative confocal micrographs are shown for GFP (green), 

m-cherry (red), and an overlay (merge; co-localization indicated by yellow colour). 
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3.3. FES co-localizes with MTs in mast cells 

To extend this study to a physiologically relevant model for FES function, we 

established bone marrow-derived mast cells (BMMC) from WT and fes
-/-

 mice by 

culturing bone marrow progenitors in media with SCF and IL-3 for 4 weeks. To test for 

maturation and purity of the BMMCs, surface expression of Kit and FcεRI receptors were 

tested by flow cytometry.  Consistent with previous results (Smith et al, 2010), both 

genotypes showed equal maturation and purity (Figure 7A).  To confirm the genotypes of 

BMMCs, lysates were prepared and subjected to immunoblot (IB) with antisera raised 

against FES (also cross-reacts with FER). In WT BMMCs, a strong band was detected at 

92 kDa corresponding to FES, and a weaker 94 kDa band corresponding to FER (Figure 

7B). As expected, only the FER band was detected in fes
-/-

 BMMCs (Figure 7B; tubulin 

antisera was used as a loading control). 
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Figure 7. Characterization of BMMCs from WT and fes
-/-

 mice.  
A. Non-adherent bone marrow cells from WT and fes

-/-
 mice were cultured for 4 weeks 

with SCF and IL-3, as described in Materials and Methods. Flow cytometry was used to 

detect surface expression of FcεRI and Kit receptors in both genotype cultures. BMMC 

maturity is determined by double positive expressions. B. Genotypes were confirmed by 

immunoblot (IB) of lystaes from BMMCs using anti-FES/FER that reacts with FES (92 

kDa) and to a lesser extent with FER (94 kDa). IB with anti-α/β-tubulin (55 kDa) served 

as a loading control.  
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Although FES has been shown to co-localize with MTs in cells overexpressing both FES 

and α/β-tubulin, co-localization of the two endogenous proteins in mast cells has not been 

reported previously.  Furthermore, we were interested in investigating this in a model 

system for mast cell polarization and motility.  To address this, BMMCs were starved and 

plated onto fibronectin (FN)-coated coverslips containing a localized source of SCF 

encapsulated within an agarose drop (Figure 8A). Upon incubation for 18 hours the cells 

were processed for immunofluorescence (IF) staining of FES (green), MTs (red), and cell 

nuclei (blue).  Confocal micrographs were acquired for WT and fes
-/- 

cells at positions 

distal, proximal and under the agarose drop (Figure 8A and 8B).  In WT BMMCs, FES 

was detected in the perinuclear region and within the cytoplasm of the rounded cells 

found distal to the drop (Figure 8B).  As expected, the FES IF signal was almost 

completely lost in fes
-/-

 BMMCs (Figure 8B).  Distal BMMCs from both genotypes 

showed a rounded phenotype with MTs (red) mostly in the perinuclear region.  BMMCs 

proximal to the agarose drop adopted primarily a polarized, motile phenotype (Figure 8B, 

middle panels). BMMCs under the agarose drop were more highly spread with more 

distinctive MTs towards the cell periphery. Further analysis of FES co-localization with 

MTs in polarized WT BMMCs was conducted by analyzing the intensity profiles from 

lagging to leading edge (Figure 8C; see line in right panel). The intensity profiles for FES 

and MTs show some parallel increases within the trailing edge and to some extent within 

the leading edge. These results indicate that FES is partially co-localized with MTs in 

mast cells that have adopted a polarized, motile phenotype. 
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Figure 8. Endogenous FES co-localizes with MTs in polarized BMMCs.  

BMMCs starved of SCF and IL-3 for 4 hours were plated onto FN (20ng/ml) coated 

coverslips with a 0.5% agarose drop containing chemotactic SCF (30μg/μl) for overnight 

migration. Cells were fixed and stained with Alexa Fluor 633 conjugated α/β-tubulin 

(red), Alexa Fluor 488 conjugated FES/FER and DAPI (blue), as described in the 

Materials and Methods. A. A schematic of the agarose drop assay with positions 

indicated relative to the agarose drop, distal, proximal and under. B. A set of 

representative confocal images of WT and fes
-/- 

BMMCs following IF staining of MTs 

(red) and FES (green). C. A representative confocal image of a WT BMMC cell with a 

polarized phenotype stained for MTs (red) and FES (green), where the yellow in the 

merge image represents co-localization. Leica software was used for co-localization 

analysis where a line was placed across the cell from the trailing to the leading edge and 

the intensity profiles of green and red channels were compared.  
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3.4. FES-deficient BMMCs exhibit polarization and adhesion defects in the agarose 

drop assay. 

 Using the SCF-containing agarose drop assay described above, the abilities of WT 

and fes
-/- 

BMMCs to adhere and polarize were compared.  In these assays, BMMCs of 

both genotypes adhered to the coverslip in a ring around the agarose drop containing the 

SCF (Figure 9A).  Since BMMCs growing in IL-3 are non-adherent cells, this suggests 

that SCF levels are high around the drop, leading to activation of β1 integrins and 

adhesion of the BMMCs.  To compare cell adhesion between genotypes, the numbers of 

adherent cells per field were scored in the presence and absence of SCF in the agarose 

drops.  BMMCs from both genotypes showed a marked increase in adhesion in the 

presence of SCF, and fes
-/- 

BMMCs displayed a significantly higher average number of 

adherent cells than the WT cells (Figure 9B; a significant difference between genotypes 

was observed based on Student t-test (p=0.02)).  Scoring of polarized cells proximal to 

control or SCF-containing drops revealed that ≈58% of WT BMMCs adopted a polarized 

phenotype in the presence of SCF, compared to 22% of fes
-/-

 BMMCs (Figure 9C; a 

significant difference between genotypes was observed based on Student t-test (p<0.01)).    

These results are consistent with the phenotypes reported previously when WT and fes
-/-

 

BMMCs were incubated with a uniform concentration of SCF in the media (Smith et al, 

2010).  
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Figure 9.  FES-deficient BMMCs exhibit polarization and adhesion defects in the 

SCF-agarose drop chemotaxis assay. 
BMMCs were starved of SCF and IL-3 for 4 hours and for each genotype 400,000 cells 

were plated onto FN (20ng/ml) coated coverslips with a 0.5% agarose drop containing 

chemotactic SCF (30μg/μl) for overnight migration, as described in the Materials and 

Methods. A. BMMC cells were fixed and representative epifluorescence micrographs of 

cells proximal to the agarose drop (indicated by arrows, edge of drop indicated by dashed 

line) following α/β-tubulin IF staining (red). B. Adherent BMMCs were counted for each 

genotype in the presence and absence of SCF.  Average cell numbers per field of view 

were counted at 20X (mean ± SEM for 2 experiments, n=18). Bar indicates the selection 

to which the student’s T test was performed showing a significant difference of p=0.02 

(Asterisk (*) represents p<0.05). C. Adherent BMMCs were categorized as either 

polarized or non-polarized and the percentage (n=18) of WT and fes
-/-

 BMMC cells 

which have adopted a polarized phenotype in the presence of SCF were compared. Bar 

indicates the selection to which the student’s T test was performed. Double asterisks (**) 

represents a significant difference (p<0.01). 
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3.5. FES-deficient BMMCs show defects in SCF-induced chemotaxis by live-cell 

imaging.   

 To test whether the polarization defects observed in fes
-/-

 BMMCs in the agarose 

drop assays results in a chemotaxis defect, we modified the assay slightly to be able to 

simultaneously compare motility of WT and fes
-/-

 BMMC under the same SCF-containing 

agarose drop using live cell imaging on a the Quorum Wave FX confocal microscope 

(10x).  Starved BMMCs were stained with CellTracker green (WT) or CellTracker red 

(fes
-/-

) prior to plating on FN-coated coverslips within a climate controlled chamber.  

Following removal of unbound BMMCs, the chambers were mounted on the microscope 

and several fields were selected with similar numbers of WT and fes
-/-

 BMMCs (Figure 

10A; edge of drop indicated by the dash line).  Initially (t=0), the BMMC cells of both 

genotypes assembled at the boundary of the agarose drop but did not migrate under the 

agarose.  At later times, BMMCs of both genotypes were observed migrating under the 

agarose, but there were clearly more WT BMMCs (green) under the agarose drop 

compared to the fes
-/-

 BMMCs (red; Figure 10A).  Further analysis tracking individual 

cells allowed the comparison of the total distance travelled and velocity of WT and fes
-/- 

BMMCs.  WT BMMCs travelled significantly further on average than fes
-/- 

BMMCs 

(Figure 10B; 311.3 vs. 172.8 μm, respectively; a statistically significant difference was 

observed between genotypes (p=0.02)).  A similar trend was seen in the average velocity, 

where WT cells travelled with a higher average velocity than fes
-/- 

cells (Figure 10C, 0.72  
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Figure 10.  FES-deficient BMMCs show defects in SCF-induced chemotaxis by live-

cell imaging.  
BMMCs starved of SCF and IL-3 for 4 hours were plated onto FN (20ng/ml) coated 

coverslips with a 0.5% agarose drop containing chemotactic SCF (30μg/μl) for overnight 

migration visualized by spinning disc confocal, as described in the Materials and 

Methods.   A. Time-lapse confocal images at 2.5 hour intervals of WT (green) and fes-/- 

(red) BMMCs forming a ring around the agarose drop (indicated by the dashed line) and 

migrating under the agarose drop. B. Average total distance traveled (mean ± SEM for 1 

experiment, n=9) for WT and fes
-/-

 BMMCs were calculated and show a significant 

difference (p<0.05) by the student T test as indicated by the asterisk (*).  C. Average 

velocity (mean ± SEM for 1 experiment, n=9 cells) of WT and fes
-/- 

BMMCs were 

calculated and show a significant different (p>0.05) by the student T test.   
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vs 0.38 μm/min, respectively; a statistically significant difference was observed between 

genotypes (p=0.03)).  These results demonstrate for the first time that FES promotes mast 

cell chemotaxis towards SCF at the single cell level.  

 

3.6. FES mediates microtuble organization of BMMCs to adopt a polarized 

phenotype in the presence of SCF. 

 MTs are a key component of the cytoskeleton involved in cell migration 

(Watanabe et al, 2005), and since FES binds MTs directly, and FES-deficient BMMCs 

exhibit a migration defect towards SCF, it was interesting to see whether FES plays a role 

in MT organization during BMMC migration towards SCF.  SCF-containing agarose 

drop assays were set up as described above, with separate coverslips used for each 

BMMC genotype.  BMMCs were allowed to migrate overnight, afterwhich the cells were 

fixed, permeablized and cell nuclei were stained (blue), along with α/β-tubulin (red) to 

visualize MTs.  Images were acquired by 3D confocal microscopy, and the WT BMMCs 

proximal to the agarose drop were found to be highly polarized with a highly organized 

MT network emanating from the perinuclear MTOC (Figure 11).  In contrast, fes
-/- 

BMMCs had a more highly spread phenotype with a more disorganized appearance of 

MTs (Figure 11).  These results suggest that FES may regulate MT organization in mast 

cells to promote chemotaxis. 
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Figure 11. FES promotes MT reorganization in polarized mast cells downstream of 

Kit receptor.  
BMMCs starved of SCF and IL-3 for 4 hours were plated onto FN (20ng/ml) coated 

coverslips with a 0.5% agarose drop containing chemotactic SCF (30μg/μl) for overnight 

migration. Cells were fixed and stained with Alexa Fluor 633 conjugated α/β-tubulin 

(red) and DAPI (blue), as described in the Materials and Methods. The image shows a 

representative field of view proximal to the agarose drop obtained by flattening of 

multiple z-stack confocal images to better visualize the MT network.  
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3.7. AC2M2 mouse mammary carcinoma cells secrete SCF and promote chemotaxis 

of BMMCs in a FES-dependent manner. 

  Many cancer cell lines are able to secrete SCF, which is a potent chemotactic 

factor for mast cells (Huang et al, 2008). This triggers the Kit receptor signaling pathway 

that activates a number of cytoskeletal regulatory proteins, including FES (Smith et al, 

2010).  Since FES expression in mammary stromal cells was recently reported to 

influence the growth of AC2M2 mouse mammary carcinoma tumours, and mast cells 

have been shown to be recruited by other breast cancer cell lines, we tested for expression 

of SCF at the mRNA and protein levels in AC2M2 cells.  RNA was extracted from 

AC2M2 cells, SP1 (a less metastatic mouse mammary carcinoma used to establish 

AC2M2 cells) and HEK-KLS (human embryonic kidney cell line engineered to express 

and secrete a soluble form of mouse SCF).  Following quantification, reverse 

transcription (RT)-PCR was performed for detection of mouse SCF or GAPDH (loading 

control).  Interestingly, SCF expression was detected (~900 bp) in all of the cell lines 

(Figure 12A), and was not observed in a template-free control (data not shown). The 

loading control GAPDH shows equal loading for the SP1 and AC2M2 cell lines, but does 

not amplify a product from HEK-KLS cells since the primers are not designed for the 

sequence of human GAPDH (Figure 12A, right panel).  Conditioned media was collected 

from AC2M2 cells and an IB was performed with mouse SCF antisera.  Although the 

AC2M2 samples did not run evenly, a band for SCF was detected in AC2M2 conditioned 

media that migrated at a similar position to recombinant SCF (Figure 12B).  It was 
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observed that a band at ~19 kDa was detected, which corresponds with the molecular 

weight of SCF (18.5 kDa) this indicates that soluble SCF is secreted into the conditioned 

media of both AC2M2 and HEK-KLS cells.  

 To determine if the chemotactic factors secreted into the conditioned medium 

from the AC2M2 cell lines induce chemotaxis of BMMCs, starved WT BMMCs were 

placed in the upper compartment of transwell chambers containing either control media 

(DMEM) or AC2M2 conditioned medium.  Interestingly, there was a 4-fold increase in 

BMMC chemotaxis towards AC2M2 CM compared to control media (Figure 12C).  To 

test whether the SCF within AC2M2 CM was responsible for BMMC chemotaxis, anti-

SCF neutralizing antibody was added to the AC2M2 CM prior to the same chemotaxis 

assay, which resulted in a significant block in BMMC chemotaxis (Figure 12C).  As an 

independent test, BMMCs were treated with Kit inhibitor that blocks Kit activation and 

signaling prior to the chemotaxis assay. Interestingly, Kit inhibitor treatment of the 

BMMCs completely blocked the chemotactic effect of AC2M2 CM (Figure 12C). These 

results suggest that AC2M2 cells promote mast cell migration via secretion of SCF that 

promotes Kit receptor signaling to regulators of the cytoskeleton.  

 Studies have shown that FES kinase is activated downstream of the SCF/Kit axis 

(Smith et al, 2010, Voisset et al, 2010). Thus, it was relevant to determine the 

contribution of FES kinase in BMMC migration towards AC2M2 CM which is able to 

activate migration signaling downstream of the SCF/Kit axis. It was found that fes
/- 

BMMCs showed a decreased ability to migrate towards AC2M2 CM compared to the 
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WT cells (Figure 12D, difference was not statistically significance, p=0.13).  However, 

consistent with previous studies using recombinant SCF, fes
-/- 

BMMCs showed a 

significant defect in migration towards HEK-KLS CM compared to WT BMMCs (Figure 

12D, a statistically significant difference between genotypes was observed, p<0.01).  

Taken together, these results confirm that FES promotes mast cell migration towards SCF 

secreted by AC2M2 cells, likely due to its role in Kit receptor signaling.   
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Figure 12.  AC2M2 cells secrete SCF and promote BMMC chemotaxis in a FES 

dependent manner.  

RNA from AC2M2, SP1 (the parental cell line of AC2M2) and HEK KLS cells were 

extracted and converted to cDNA. Primers for SCF and GAPDH were used to amplify 

the respective genes. Conditioned medium from AC2M2 and HEK KLS cells was used as 

a chemotactic factor in transwell migration assays with starved WT and fes
-/-

 BMMCs. A. 

PCR amplification for SCF gene expression from AC2M2, SP1 and HEK KLS cDNA 

show a band at ~900Da with GAPDH as the control. B. Conditioned medium from 

AC2M2 was immunoblotted for SCF protein expression (~18.5kDa) and was quantified 

based on recombinant SCF of 0.5, 1.0 and 2.0 ng. C. WT BMMCs starved for 4 hours 

were placed in transwell chambers containing respective chemotactic media for baseline 

migration. Additionally, a neutralizing anti-SCF (1 μg/ml) was added to the conditioned 

media of one set of migration assays and a Kit inhibitor at 1 μM was added to the 

BMMCs. The significant difference in migration are indicated by an double asterisks (**) 

(p<0.01). D. Transwell migration towards AC2M2 and HEK KLS CM were compared 

between WT and fes
-/-

 BMMCs (mean ± SEM for experiment, in triplicates, 4 fields of 

view for each). The difference in migration between WT and fes-/- BMMCs towards 

AC2M2 CM is not significant (p=0.13). The difference in migration towards the HEK 

KLS CM is significant as indicated by double asterisks (**) (p<0.01).  
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3.8. FES-deficient mice show less mast cell recruitment to the mammary tumour 

periphery. 

 There are a number of reports showing that mast cells are recruited into the 

tumour microenvironment, and that this may contribute to tumour progression (Khazaie 

et al, 2011).  To determine whether FES kinase plays a role in the recruitment of mast 

cells into the tumour microenvironment, we scored mast cell numbers in the mammary 

tissues of WT and fes
-/- 

mice (nu/nu background) that were xenografted with AC2M2 

cells injected in the mammary fat pad(Zhang et al, 2011).  After 23 days of tumour 

growth, tissue sections were stained for mast cells using a granule-specific dye (Alcian 

Blue) along with another dye reactive with all cell nuclei (Nuclear Fast Red).  

Representative images of stained MCs at the tumour periphery obtained from WT and 

fes
-/- 

mice are shown in Figure 13A. The number of mast cells located within ≈10 cell 

diameters from the tumour periphery were counted for both WT and fes
-/- 

mice mammary 

tumour sections.  Interestingly, a significant decrease in mast cells at the tumour margins 

were observed in fes
-/- 

mice compared to WT mice (Figure 13B).  The numbers of MCs 

located in normal mammary tissue sections were also scored to test whether fes
-/- 

mice 

display any differences in resident mast cell numbers.  However, we observed no 

significant difference in MCs within normal mammary tissues between genotypes (Figure 

13C).  These results provide novel evidence that AC2MC mammary tumours recruit mast 

cells to the tumour margin, and that FES promotes mast cell migration in vivo.  This 

reduction in MC recruitment to the tumour microenvironment in a fes
-/-

 background is  
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Figure 13. FES promotes mast cell recruitment to AC2M2 mammary tumours in 

mammary glands of mice.  
Engraftment of AC2M2 mouse breast cancer cells into the mammary fat pad of WT and 

fes
-/-

 mice was performed (Zhang et al, 2011).  A. After 23 days, tumour and surrounding 

mammary tissues were sectioned and stained for mast cells (Alcian blue) and cell nuclei 

(nuclear fast red). Representative image of from WT and fes
-/-

 mice with mast cells near 

tumour periphery are indicated with arrows. B. Average number of mast cells at the 

mammary tumor periphery (within 10 cell diameter) for WT and fes
-/-

 mice were 

determined by taking the average number of mast cells in 4 fields of view per section at 

90 degree angles(mean ± SEM, WT n=11 mice, fes
-/-

 n=10 mice). Mast cell numbers 

between WT and fes
-/-

 mice tumors are statistically significant as determined by the 

student T test (p=<0.01). C. Average number of mast cells in the normal mammary fat 

pad of WT and fes
-/-

 mice were determined by taking the average number of mast cells in 

4 fields of view per section (mean ± SEM, WT n=3 mice, fes
-/-

 n=3 mice). 
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consistent with the defect observed in tumour-associated macrophages (Zhang et al, 

2011).  Together these inflammatory cells may be co-opted by the mammary tumour to 

facilitate tissue remodeling, tumour progression and metastasis. 

 

3.9. FES promotes tumour growth and mast cell recruitment within the skin of mice. 

Since there are higher numbers of mast cells within the skin than in the mammary 

gland, we repeated the tumour xenografting experiments by subcutaneous injection of 

AC2M2 cells under the back skin of WT and fes
-/-

 mice (nu/nu background).  Prior to 

sacrifice at day 21 when some tumours had reached the approved endpoint, AC2M2 

subcutaneous tumour volumes were determined by ultrasound imaging of WT and fes
-/- 

mice on days 16, 19 and 21 (Figure 14A).  Although the tumour volumes for WT mice 

were consistently higher than the fes
-/- 

mice at day 21, the difference did not reach 

statistical significance (Figure 14A).  Areas of normal back skin and tumour-bearing skin 

were harvested and tissue sections prepared for mast cell staining as described above. 

Skin mast cells were readily detectable in the tumour margins in WT and fes
-/- 

mice 

(Figure 14B; indicated by arrows; within 10 cell diameters).  Interestingly, there was a 2-

fold reduction in the average number of tumour-associated mast cells  in fes
-/-

 mice 

compared to that observed for WT mice (Figure 14C, a significant difference between 

genotypes was observed, p=<0.01). This difference in mast cells within the tumour 

margin was not due to an effect of FES on skin mast cell numbers, since there was a 
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slightly higher number of skin mast cells in fes
-/- 

mice compared to WT mice (Figure 

14D).  Taken together, these novel findings implicate FES in promoting the recruitment 

of mast cells to the tumour microenvironment both in mammary gland and within the 

skin.  Thus, FES may be a valid target for future therapies aimed at reducing the 

recruitment of stromal mast cells and/or macrophages that are associated with tumour 

progression and metastasis. 
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Figure 14. FES promotes mast cell recruitment to AC2M2 mammary tumours 

within the skin of mice. 
To determine the role of FES kinase in tumor progression and MC recruitment into the 

TME, 50,000 AC2M2 cells were engrafted subcutaneously for 21 days into WT and fes
-/-

 

mice. Tumor and surrounding stromal tissues were sectioned and stained for mast cells as 

described in Materials and Methods.  A. Tumour volumes were determined at the 

indicated time points using ultrasound imaging of WT and fes
-/-

 mice.  Graph depicts the 

average tumour volume (mean ± SEM) for WT (n=8) and fes
-/-

 (n=6) mice. B. 

Representative image of subcutaneous tumors and surrounding stromal tissue from WT 

and fes
-/-

 mice in which mast cells in the tumour periphery are indicated with arrows. C. 

Average number of mast cells (mean ± SEM) at the subcutaneous tumor periphery 

(within 10 cell diameter) for WT and fes
-/-

 mice were determined for 4 fields of view per 

section from WT (n=8) and fes
-/-

 (n=6) mice where criteria required the fields to contain 

more than 10 cell diameter of stromal tissue taken at 90 degree angles.. Mast cell 

numbers between WT and fes
-/-

 mice tumours are statistically significant shown by the 

student T test indicated by asterisks (**) (p≤0.01). D. Average number of mast cells 

(mean ± SEM) in normal skin of WT and fes
-/-

 mice were determined for 4 fields of view 

per section from WT (n=3) and fes
-/-

 (n=3) mice.  
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Chapter 4 

Discussion 

4.1 A proposed model for the role of FES in mast cell migration within the tumour 

microenvironment  

 In this study it was shown that FES directly interacts with MTs through both the 

F-BAR/FX domain and the SH2 domain. Further co-localization studies in COS-7 cells 

co-transfected with m-cherry tubulin and GFP-FES, and in BMMCs with endogenous 

levels of FES and MTs, suggest that there is co-localization between FES and MTs, 

particularly in SCF- polarized BMMCs. Additionally, FES-deficient MCs exhibited a 

decreased rate of migration and decreased distance travelled, compared to the wild-type 

BMMCs, in the SCF-containing agarose spot chemotactic assays as visualized by live 

cell imaging. These results support that FES may play a role in MC migration mediated 

through its interaction with MTs.  The role of Fes was further investigated within the 

tumour microenvironment using the mouse mammary breast cancer cell line, AC2M2. 

Here the AC2M2 cells were characterized in this study to express SCF at both the RNA 

and protein level. Engraftment studies of the AC2M2 cells into fes
-/-

 mice and wild-type 

mice have shown a larger population of MCs located at the tumour periphery in wild-type 

BMMC cells. These results support a role for Fes in mediating MC migration into the 

tumour microenvironment which may affect tumour progression.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
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  A model is proposed here to implicate FES activation in mast cell migration 

within the tumour microenvironment (Figure 15). In the adhesion step of mast cell 

migration, SCF secreted by tumour cells activate Kit receptor auto-phosphorylation 

which recruit inactive FES found diffuse in the cytoplasm.  Through the engagement of 

the FES SH2 domain with juxtamembrane pY sites in Kit, FES is fully activated.  

Localization of FES to PI4,5P2 in the plasma membrane though its F-BAR domain is 

likely also involved in bringing FES in proximity to Kit receptor. FYN, recruited by 

activated Kit can then phosphorylate and activate FES. FES then may interact with 

adhesion molecules such as α5β1 integrin and focal adhesion docking molecules, HEF-1.  

As the mast cell migrates, the cell body translocates forward towards the chemotactic 

agent, a process likely aided by FES phosphorylation of HS1 inducing F-actin 

polymerization and microtubule reorganization. In the second step of mast cell migration, 

adhesion complexes disassociate, a process mediated through FES interaction with 

microtubules where activated FES, localized to the membrane at focal adhesion 

complexes, associates with microtubules resulting in adhesion complex disassembly.  

 

 

 

 

 

 



 

63 

 

 

 

  

SCF

β1 α5

FN

β1 α5

FN

β1 α5

FN

β1 α5

FN

FA

FAK

HEF-1

SH2

KD

F-BAR

SH2

KD

FES interacts with focal adhesion 

complexes and targets MTs to 

promoting FA disassembly

MTOC

SCF

SCF

SCF

SCF

Kit receptor

SCF

SCF

Tumour-derived 

stem cell factor

MC polarization and 

migration into the tumour 

microenvironment

pY

MTOC

β1 α5

FN

β1 α5

FN

Tumour

SCF

SCF

MC



 

64 

 

Figure 15. Model for FES kinase activation to promotes mast cell recruitment to 

AC2M2 mammary tumours within the skin of mice.  
The proposed model of FES activation implicates FES in mast cell migration within the 

tumour microenvironment. Tumour-derived SCF secreted by tumour cells activate mast 

cell adhesion through α5β1 integrin interaction with fibronectin (FN) and also activates 

Kit receptor auto-phosphorylation which recruit inactive FES found diffuse in the 

cytoplasm.  FES SH2 domain interacts with the juxtamembrane pY sites on the Kit 

receptor which activates FES.  The localization of FES to PI4,5P2 in the plasma 

membrane though its F-BAR domain is likely also involved in bringing FES in proximity 

to the Kit receptor. FYN, recruited by activated Kit also phosphorylates and activates 

FES. FES then interacts with adhesion molecules such as α5β1 integrins and focal 

adhesion docking molecules, HEF-1.  As the mast cell migrates, the cell body 

translocates forward towards the chemotactic agent, a process likely aided by FES 

phosphorylation of HS1 inducing F-actin polymerization and microtubule reorganization. 

In the second step of mast cell migration, adhesion complexes disassociate, a process 

mediated through FES interaction with microtubules. Our model suggests that activated 

FES, localized to the membrane at focal adhesion complexes, associates with 

microtubules and promote adhesion complex disassembly.  
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4.2 The potential roles of FES kinase as a microtubule-associated protein 

  Here, it was shown that FES possesses two independent modes of direct binding 

to MTs mediated through the F-BAR/FX domains, and the SH2 domain. This functional 

redundancy strongly suggests that FES may act as a microtubule associated protein 

(MAP), whereby its role in vivo may involve complex interactions with MTs.  It was 

previously shown that a functional SH2 domain was required for FES L145P co-

localization with MTs in COS7 cells (Laurent et al, 2004).  My results from the 

microtubule binding assay (MTBA) support that the SH2 domain appears to mediate the 

majority of MT binding. Although the exact phosphorylated tyrosine residues in MTs that 

bind FES have not been identified, it is worth noting that the MTs were detectable with 

an anti-pY antibody. Previous studies by Laurent et al. (2004) have also shown that in 

non-kinase activating conditions, full-length FES induces MT polymerization into long 

and straight strands. However, in kinase activating conditions, FES phosphorylated MTs 

are shorter with skewed trajectories (Laurent et al, 2004). It is possible that these two MT 

phenotypes may be explained through the contribution of the FES SH2 domain in 

mediating microtubule polymerization and stability. It is interesting to note that in cycled 

MTs that were used in the MTBA, addition of the FES 1-459 appeared to depolymerize 

the MTs (more in supernatant), and this was not observed with the  FES C-terminus or 

GST control.  Therefore, in the future it would be interesting to see if FES interactions 

with MTs do actually alter MT stability and nucleation, and whether these in vitro 

observations have roles in FES-dependent physiological cellular responses.  
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The role of FES-MT interaction in vivo still needs to be fully elucidated. The 

physiological role of FES as a MAP may vary depending on the migration phenotype and 

the cell type in question. Previous FES-MT co-localization studies have relied 

exclusively on overexpression in COS-7 cells (Laurent et al, 2004, Takahashi et al, 

2003). My study confirms differential co-localization pattern between FES FL and F-

BAR/FX domains, and shows that the L145P mutation can promote FES-MT co-

localization independent of the kinase domain activation observed with this mutation 

within FES FL. This study further extends on the functional contribution of FES-MT 

interactions in BMMCs expressing both FES and tubulin at endogenous levels. The 

significance here is that FES kinase is highly expressed in mast cells, and thus the results 

may have greater physiological implications when studied in the context of mast cell 

migration. Additionally, since MT organization and the recruitment of relevant MAPs are 

highly dependent on signaling pathways, cell type, and adhesion assembly/disassembly 

cycling (Webb et al, 2002), FES may help coordinate this during mast cell migration. The 

localization of FES to MTs in BMMCs appears to be more pronounced polarized mast 

cells responding to SCF, supporting previous findings that FES is activated downstream 

of the c-Kit receptor(Smith et al, 2010). In addition to FES signaling to actin regulatory 

proteins like HS1 or HEF1, activated FES may also function in regulating MTs or MAPs.  

It should be noted that the co-localization of FES to MTs is not absolute; this is likely due 

to the presence of different pools of FES with varying degrees of activation. 
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Future experiments will be required to elucidate the contribution of specific FES 

domains to its localization to MTs in BMMCs. Also, the dynamics of FES and MT 

localization could be better visualized by transient transfection of fes
-/-

 BMMCs with 

GFP-FES and m-cherry-tubulin followed by time lapse confocal microscopy in live cells.  

By using the agarose drop chemotaxis assay conditions, this will provide stronger 

spatial/temporal information about FES-MT interactions. Additional experiments with 

domain mutants of FES could then be used in comparison to wild-type FES to rescue 

migration defects in fes
-/- 

BMMCs. These studies may show a difference in 

spatial/temporal contributions of the N-terminus and the C-terminus in MT binding, and 

help clarify why two modes of FES binding to MTs may be functionally important.   

 

4.3 Does activated FES regulate mast cell migration through adhesion assembly and 

disassembly that is mediated by MT association? 

 

 FES has been reported to localize to different cellular compartments, including 

the nucleus (Kanda et al, 2009, Tagliafico et al, 2003), diffusely within the cytoplasm, 

within vesicles, within the trans-Golgi (Laurent et al, 2004, Zirngibl et al, 2001), and also 

localized to MTs. These different pools of FES may contribute to diverse roles in cell 

differentiation, vesicle trafficking, focal adhesions, and cell migration. Our results here 

have implicated FES in SCF-mediated chemotaxis of BMMC cells by showing that FES 

localization differs within non-polarized and SCF-induced polarized BMMCs. Previous 

results have suggested that FES is constitutively oligomeric, but usually maintained in an 
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inactive state (Shaffer et al, 2009). The L145P mutant, designed to be at the center of the 

first predicted CC domain of FES(Cheng et al, 1999), is expected to be located near the 

tips of the F-BAR dimer based on structural insights provided by the homology modeling 

of the FES F-BAR on the structure of FBP17 (McPherson et al, 2009). The L145P mutant 

was shown to abolish oligomerization while increasing FES kinase activity and 

localization to MTs (Laurent et al, 2004, Takashima et al, 2003). It is hypothesized that 

there are multiple pools of FES kinase and that each possesses a different activation state, 

with active FES likely engaging an SH2 domain ligand.  

  In a recent study using endothelial cells, activated FES was found to mediate 

FGF2-induced cell migration through activation of focal adhesion kinase (FAK). The 

subsequent release of Src kinase auto-inhibition at focal adhesions would promote focal 

adhesion disassembly (Kanda et al, 2009). Localization of FES to focal adhesions has 

also been described in epithelial cells in which the HGF-induced cell scattering was 

abolished by disrupting direct contacts between Ezrin-pY477 and the SH2 domain of 

FES(Naba et al, 2008).  Cell migration pathways have conserved steps for cell migration 

in which an important step involves the release of adhesion proteins allowing the 

translocation of the cell body (Webb et al, 2002). Due to the conserved mechanism for 

cell migration, activated FES localization to focal adhesions is also likely to occur in 

myeloid cells, where FES-deficient BMMCs displayed increased adhesion and spread 

while less SCF-induced polarization(Smith et al, 2010). This study further identifies a 

defect in the rate of migration between WT and FES-deficient BMMCs. Also shown here 
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is the direct MT binding of FES to MTs through both the F-BAR and the SH2 domains, 

independently. As such, it is proposed that FES may mediate MT association to focal 

adhesions during SCF-induced mast cell chemotaxis. This hypothesis is consistent with 

previous studies where MT targeting to focal adhesions induce adhesion relaxation 

(Kaverina et al, 1999) and promote adhesion disassembly(Efimov & Kaverina, 2009). 

This may also explain the highly spread phenotype of fes-/- BMMCs compared to 

control, especially if more focal adhesions remain intact due to loss of FES. Future 

studies of focal adhesion dynamics are clearly warranted. 

  Further studies should also focus on identification of FES substrates and SH2 

interacting partners in mast cells. This will provide a more comprehensive view of the 

role of FES signaling during mast cell migration downstream of SCF/Kit. To do this, pY-

based proteomic studies can be used to compare WT and FES-deficient mast cells to 

identify FES substrates using SILAC (stable isotope labeling with amino acids in cell 

culture) and comparison of phosphopeptide ratios by mass spectrometry. Differential 

phosphopeptide levels between WT and fes
-/- 

mast cells can be differentiated by 

incorporation of either heavy or light lysine residues, respectively. Also, the same 

approach could be used to isolate FES SH2 ligands, by using SILAC followed by pull-

down with GST-fused to FES SH2 or the pocket mutant (as a negative control). The true 

ligands should show a high ratio between heavy and light lysines. Alternatively, the FES 

SH2 domain structure is solved (Filippakopoulos et al, 2009) and the FES SH2 domain 

binding motif strongly selects for Glu at the +1 position. Docking experiments can be 
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conducted to better define the specificity of FES towards known and predicted binding 

partners. The FES SH2 domain also binds less specifically to Val at +3, while the amino 

acid at position +2 is inconsequential(Songyang et al, 1994).  

 

 

4.4 Implications for FES-mediated mast cell migration into the tumour 

microenvironment and its implications for tumour progression 

   A number of key signaling proteins are required for SCF to trigger mast cell 

migration downstream of c-KIT, including PI3K p85(Lu-Kuo et al, 2000), and FYN 

kinase (Samayawardhena & Pallen, 2008). FES kinase also plays  a significant role 

(Smith et al, 2010), but mast cells are not the only cells in which FES has been shown to 

regulate cell migration. FES has been shown to regulate leukocyte recruitment and 

extravasation during inflammation (Parsons et al, 2007). Here, we confirm the previous 

in vitro mast cell migration defects in FES-deficient mast cells,  and extend these findings 

to implicate FES in mediating mast cell recruitment into the tumour periphery and 

tumour stroma, which is consistent with mast cells infiltrating invasive 

carcinomas(Maltby et al, 2009). Links between inflammatory cell migration and tumour 

progression have been put forth since many inflammatory cells are able to secrete 

mediators to sustain tumour cell growth such as growth factors (PDGF, EGF), 

immunosuppressors (TGF-β, adenosine), angiogenic factors (angiotensin, IL-1β), and 

tissue remodeling proteases (tryptases, MMPs)(Coussens & Werb, 2002, van Kempen et 
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al, 2006).  Thus, examining the recruitment of mast cells to the tumour microenvironment 

may provide valuable insight into tumour progression. Here we show AC2M2 cells 

secrete SCF to generate a paracrine signal leading to mast cell recruitment. In similar WT 

and FES-null mice engraftment models using AC2M2 cells, less tumour associated 

macrophages were found infiltrating into the tumours and FES-null mice also showed 

smaller tumour volumes, suggesting that FES in the stroma may have an oncogenic 

function(Zhang et al, 2011).  In this study we confirmed that FES-deficient mice show 

consistently smaller tumour volumes, however, the difference did not reach a level of 

statistical significance. Taking into account the parameters of the study where mice 

reaching a defined tumour size must be removed from the study, it can be argued that 

towards the end of the study at 21 days, FES-null mice tumour volumes were trending 

towards statistical significance.  

  The question that remains to be addressed is the origin of the recruited mast cells 

found in the tumour periphery and tumour stroma. Mast cells are highly migratory and 

plastic cells. But when undifferentiated, mast cell progenitors circulate in the lymph 

hematopoietic system comprising of the bone marrow, spleen, peripheral blood, 

mesenteric lymph nodes and gut mucosa, that extravasate and become resident mast 

cells(Khazaie et al, 2011).  Here it is shown that in FES-deficient tumour environment 

there is less mast cell recruitment, with mast cells likely being recruited from the 

surrounding tissue. However, mast cells, unlike many other differentiated cells, retain the 

ability to proliferate after becoming mature as exemplified in mast cell disease models 
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such as focal mastocytosis(Brockow & Metcalfe, 2010).  This propensity for WT mast 

cell proliferation may be an explanation for the number of mast cells found within the 

tumour microenvironment; however, in normal, non-tumour containing tissues, higher 

numbers of mast cells were detected in FES-deficient tissues. This further strengthens the 

finding that FES-deficient mice show mast cell migratory defects in vivo. Further 

experiments utilizing mast cell deficient mice may provide better insight to address the 

origin of tumour-infiltrating mast cells.  

 

 

4.5 FES as a therapeutic target to limit tumour associated inflammation and reduce 

tumour progression 

 

 A number of studies have shown a correlation between the presence of mast cells 

and tumour development in breast cancer (Djordjevic & Hanna, 2008), follicular 

lymphoma(Taskinen et al, 2008), Merkel cell carinomas (Beer et al, 2008), Hodgkin 

lymphoma(Molin et al, 2002b) and prostate cancer (Johansson et al, 2010, Nonomura et 

al, 2007b). In particular, the expression of FES in prostate cancer is demonstrated to be a 

valuable predictor for reoccurrence and disease progression (Miyata et al, 2011).  

Conversely, there have also been studies associating mast cell infiltration with 

better clinical outcome such as the presence of mast cells in islets but not the surrounding 

stroma of patients with non-small cell lung cancer (Welsh et al, 2005b). However, these 

differences in disease outcome may be the result of the types of mast cells infiltrating 
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tumours and complex interactions between the tumour microenvironment inducing 

differential mast cell mediator secretion (Khazaie et al, 2011) such as the activation of the 

nuclear peroxisome proliferator-activated receptor-γ (PPAR-γ) by mast cell tryptases in 

colon cancer patients (Ogino et al, 2009).   

  As shown in this study, FES mediates mast cell migration into the tumour 

microenvironment, likely through its interaction with microtubules. Thus, FES kinase 

may be a potential therapeutic target to limit mast cell infiltration and improve patient 

prognosis. As an F-BAR containing protein, cellular FES is likely to possess auto-

inhibitory regulation, similar to that recently discovered in Pacsin in which the F-BAR 

domain acts to auto-inhibit its activity either through intramolecular or intermolecular 

interactions(Plomann et al, 2010). FES auto-inhibition can be taken advantage of in the 

development of FES kinase inhibitors. The structure of SH2 and kinase domain of FES 

has been solved with evidence to suggest the SH2 engagement positively regulates FES 

kinase activity. The future structure of FES F-BAR domain may provide insight on the 

possible auto-regulation. This will lead to the screening of small molecule inhibitors for 

FES through either mimicking of the F-BAR domain or competitive engagement of the 

SH2 domain preventing the docking of FES to its activation site. Subsequently, the FES-

deficient mouse model can be used to test the efficacy and specificity of the drugs. These 

drug screenings can be extended into cancers displaying oncogenic Kit in order to 

decrease downstream Kit signaling through FES kinase.  

 

 



 

74 

 

 

4.6 Summary and Significance 

 

 In conclusion, this study provides novel insight into the role of FES-mediated 

mast cell chemotaxis into the tumour microenvironment, where results suggest mast cell 

migration to be mediated by FES-MT interactions. Future directions would involve the 

examination of FES localization to focal adhesions and microtubules within migratory 

mast cells. More studies are needed to investigate whether there is auto-regulation of the 

FES F-BAR domain on its kinase activity, and if so, what are the molecular mechanisms? 

This information would be useful in the development of new therapeutics targeting FES 

kinase in cancers, to limit recruitment of mast cells and improve patient outcomes. The 

development of small molecule inhibitors can be performed through docking experiments 

using the structure of FES SH2-kinase domain. The WT and FES-deficient mouse model 

can be used to further test the efficacy of the drugs to advance the study of FES in 

mediating mast cell recruitment in human cancers and potentially human mast cell 

diseases such as mastocytosis.  
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