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Abstract 

Mast cells are granulocytes that require signaling from the receptor protein-

tyrosine kinase Kit and its ligand stem cell factor (SCF) for their maturation and function. 

In addition to providing growth and survival signals, the Kit receptor is involved in 

crosstalk to β1 integrins leading to mast cell adhesion, spreading, and migration on 

fibronectin (FN). Previous studies reported the involvement of the non-receptor protein-

tyrosine kinases Fps/Fes and Fer in signaling downstream of the high affinity IgE 

receptor in mast cells and identified cell migration defects in Fer-deficient bone marrow-

derived mast cells (BMMCs). Fps/Fes also becomes phosphorylated downstream of the 

Kit receptor in BMMCs, and this involves the action of the Src family kinase Fyn as an 

upstream activator of Fps/Fes. In this study, the Fps/Fes SH2 domain was observed to 

bind the phosphorylated Kit receptor in vitro, suggesting that the SH2 domain plays a 

role in the activation mechanism of Fps/Fes. To investigate the function of Fps/Fes in Kit 

signaling, BMMCs were generated from wild-type and Fps/Fes-null mice. Analysis of 

downstream effectors revealed that Fps/Fes is required for maximal p38 MAPK signaling. 

Further examination of Fps/Fes-deficient BMMCs revealed increases in adhesion, 

spreading, and a defect in cell polarization on full-length FN (a ligand for multiple β1 

integrins), compared to wild-type BMMCs. Similar phenotypes are observed using an 

α5β1 integrin-specific FN fragment (9-11) as the matrix. Reduced phosphorylation of the 

putative Fps/Fes substrate HS1 (a cortactin homologue involved in actin regulation) is 

observed in Fps/Fes-deficient BMMCs, compared to control cells, and this may 

contribute to the observed cytoskeletal defects. Restoring Fps/Fes expression in Fps/Fes-
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deficient BMMCs by retroviral transduction results in a rescue of cell spreading, 

polarization, and chemotaxis defects to levels similar to those of wild-type cells. This 

thesis provides novel insights into the potential mode of Fps/Fes activation downstream 

of the Kit receptor, and a role for Fps/Fes in regulating crosstalk between Kit and α5β1 

integrins to promote cytoskeletal reorganization and motility of mast cells. 
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Chapter 1 

Introduction 

1.1 Discovery of viral and cellular Fps/Fes protein-tyrosine kinases 

 The retroviral oncogenes v-Fps (Fujinami poultry sarcoma) and v-Fes (feline 

sarcoma) are protein-tyrosine kinases (PTKs) that were first discovered in avian and 

feline species, respectively (99, 102). v-Fps and v-Fes proteins contain an N-terminal in-

frame fusion to viral Gag (1, 98). Addition of the Gag sequence promotes plasma 

membrane localization, resulting in constitutive v-Fps/v-Fes kinase activity and 

malignant transformation of cells (22, 32, 103). These studies led to the identification of 

cellular Fps/Fes in mammals (hereafter referred to as Fes), a 92 kDa non-receptor PTK. 

Compared to v-Fps/v-Fes, expression of cellular Fes failed to induce malignant 

transformation. However, upon addition of a myristoylation signal at the N-terminus of 

Fes (Fes-MF), elevated PTK activity was observed along with transforming potential (8), 

indicating that localization to the plasma membrane is important for the oncogenic 

properties of v-Fps/v-Fes. While studies have determined the ability of v-Fps/v-Fes to 

form tumours in mouse models (124, 125), activating mutations in Fes have not been 

described in human disease. Mutations in Fes have been linked to colorectal cancer in 

humans (2); however, these were later described as inactivating mutations, suggesting 

that Fes is actually a tumour suppressor (94). Transgenic mouse studies also support a 

tumour suppressor role for Fes in breast cancer (94), although the mechanism is not well 

understood.  
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Studies identifying the cellular homologue of Fes resulted in the detection of a 

closely related protein called Fer (Fes-related protein) (66). Fes and Fer comprise a 

subfamily of non-receptor PTKs with a unique domain organization. As shown in Figure 

1, Fes and Fer contain a central phosphotyrosine (pY)-binding Src homology 2 (SH2) 

domain and a C-terminal kinase domain, which are commonly found in PTKs (31). Fes 

and Fer are distinguished from other PTKs by the presence of an N-terminal regulatory 

domain containing a Fes-CIP4 homology (FCH) domain and several adjacent regions of 

predicted coiled-coil (CC) motifs (31). The FCH domain and first CC motif (amino acids 

1-300) have recently been reclassified as an FCH-BAR (F-BAR) domain, which is found 

in the Pombe Cdc15 homology (PCH) family of proteins (40). The F-BAR domain is a 

novel phosphoinositide-binding domain that induces membrane curvature and facilitates 

endocytosis and cytoskeletal remodeling (47). It has recently been reported that the Fes 

F-BAR domain binds a number of phosphoinositides and promotes membrane 

localization and tubulation of phosphatidylinositol-4,5-bisphosphate (PI4,5P2)-containing 

liposomes (68). The CC motifs have been implicated in homotypic oligomerization of 

Fes and regulation of Fes activity (86).  

1.2 Regulation and activation of Fes 

Unlike the Src family PTKs (SFKs), Fes lacks a regulatory C-terminal 

phosphorylation site that allows for autoinhibition via intramolecular interactions with the 

SH2 domain (120). While it is not completely understood how Fes activity is regulated, 

several studies have revealed that the N-terminus of Fes is important for regulation. The 

CC motifs appear to negatively  regulate  Fes  activity,  as  mutations in this  region  have  
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Figure 1. The domain organization of Fes and Fer kinases.  

Fes and Fer are grouped together as a subfamily of PTKs based on their unique domain 

organization, which consists of an N-terminal FCH domain, several predicted coiled-coil 

motifs, a central SH2 domain and a C-terminal kinase domain. The F-BAR domain 

includes the FCH domain and first coiled-coil motif within the first 300 amino acids of 

the protein. Adapted from (21).  
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been shown to promote kinase function (12); however, how this regulation occurs is 

unclear. It has been postulated that Fes exists in an inactive conformation, either through 

CC-mediated intramolecular autoinhibition or interactions with another inhibitory protein 

(101). Upon cytokine and growth factor signaling, oligomerization is thought to promote 

an active conformation (101). Oligomerization also allows for transphosphorylation of 

Fes (86), although it is unknown if this contributes to its activation. Considering that the 

F-BAR domain partially overlaps with these CC motifs and promotes dimerization (68), 

it will be important in the future to revisit the mechanisms for Fes regulation via the N-

terminal domain. Although homology modeling of the first 300 amino acids of Fes 

supports a similar F-BAR dimer to other PCH proteins (68), a structure of the complete 

Fes N-terminal domain will be required to fully elucidate the biochemical properties of 

this domain and gain further insight into the regulation of Fes activity. 

As recently shown in mast cells, Fes localization to the plasma membrane via its 

F-BAR domain and recruitment to other signaling proteins via its SH2 domain allows for 

rapid activation of Fes (68). Recently, the structure of the activated conformation of the 

SH2/kinase domain portion of Fes has been reported, and a cooperative interaction 

between these two domains was shown to be critical for Fes activation (21). This 

suggests that when the Fes SH2 domain is bound to ligand, its kinase domain becomes 

activated. Thus, interactions of Fes with phosphorylated proteins that are SH2 domain 

ligands may contribute to Fes activation, and may allow Fes to phosphorylate additional 

tyrosine residues on the protein. SH2 domain ligand-binding likely aids in substrate 

recognition by the kinase domain, as the preferred consensus sequence of the SH2 
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domain (pYENV/Y/E) often matches peptides that are also kinase domain substrates (45, 

104).  

Phosphorylation of Fes on the conserved tyrosine residue at position 713 within 

the activation loop of the kinase domain enhances the intrinsic kinase activity of Fes 

(117). Currently, there are no commercial antibodies specific to this phosphotyrosine 

residue, and some previously reported pY713 Fes antisera have displayed a lack of 

specificity (J.A.S., unpublished observations). Therefore, pan-tyrosine phosphorylation is 

used as an indicator of Fes activation, making the investigation of Fes activators difficult 

to ascertain. Co-expression studies in Sf-9 cells have shown that the SFKs Src and Fyn 

are able to phosphorylate kinase-dead Fes (50), and mast cell studies have determined 

that kinase-dead Fes can become phosphorylated downstream of the high affinity 

immunoglobulin E (IgE) receptor FcεRI  (96). This indicates that while Fes has the 

ability to phosphorylate itself, other upstream kinases may be responsible for Fes 

phosphorylation and activation.  

1.3 Potential physiological functions of Fes 

In contrast to the widely expressed Fer kinase (62), Fes is expressed in a more 

tissue-specific manner, including high level expression in myeloid cells (e.g. 

macrophages, mast cells) (19, 66), vascular endothelial, epithelial and neuronal cells (38). 

Depending on the cell type and experimental approach employed, Fes localization has 

been described within the nucleus (123), the trans-Golgi network (38) and to vesicle-like 

structures (128).  
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Fes has been shown to promote the differentiation and homeostasis of myeloid 

cells (37, 126), although it is not necessary for this process to occur, as no defects in 

hematopoietic cell numbers are observed in either fes
KR

 (kinase-dead) or Fes-deficient 

transgenic mice (95, 129). fes
-/-

 mice exhibit increased sensitivity to lipopolysaccharide, 

suggesting a regulatory role for Fes in the inflammatory response (129). Fes has also 

been implicated in innate immunity and regulation of signal transducer and activator of 

transcription (STAT) activity (37).  

Recent studies have suggested a potential role for Fes in regulating cell motility. 

Fes has been reported to regulate the tubulin cytoskeleton through binding to both soluble 

tubulin and microtubules (56, 105). Another study showed that Fes regulates the 

disassembly of focal adhesions through activation of focal adhesion kinse (FAK) and Src 

in the fibroblast growth factor receptor (FGFR) pathway (51). The p130 crk-associated 

substrate (Cas) has been described as both an SH2 domain ligand and a substrate of Fes 

(49), which may also be important in the regulation of cell adhesion by Fes. More studies 

are necessary to fully understand how Fes is involved in hematopoiesis, inflammation 

and cell migration, as well as other novel functions. 

1.4 Development and homing of mast cells 

Due to the abundance of Fes in myeloid cells, mast cells are an excellent model to 

study the function of Fes. Recent studies have detected rapid Fes activation (increased pY) 

in primary mouse mast cells and human mast cell leukemias (14, 113). Mast cells are 

granular leukocytes that originate from hematopoietic stem cells in the bone marrow (28), 
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as depicted in Figure 2. Committed mast cell progenitors, identified by the cell surface 

markers CD13, CD34 and CD117 (Kit receptor), develop from these pluripotent stem 

cells (34). Progenitor cells enter the circulatory system from the bone marrow and 

migrate to peripheral tissues where they differentiate into one of two classes of mature 

mast cells, connective tissue or mucosal mast cells, which differ in the mediators they 

produce and secrete (35). Connective tissue mast cells are found in the skin and 

peritoneal cavity and near blood vessels, whereas mucosal mast cells localize in the 

linings of the lung and intestine (118). Differentiation into mature mast cells depends 

upon the assortment of growth factors in the surrounding tissue environment (87). 

Chemokines are important for the homing of mast cells to tissues. Leukotriene B4 

(LTB4) is a product secreted by activated mature mast cells, and is a particularly effective 

chemoattractant  for  mast  cell  progenitors  (118). This attractant may serve to recruit 

progenitors from the blood into specific tissues where they are needed (118). Upon 

reaching their destination and differentiating, mast cell responsiveness to LTB4 as a 

chemoattractant declines due to loss of expression of its receptor, BLT1 (118). 

1.5 Mast cell activation 

Mature mast cells express the high affinity IgE receptor FcεRI, which is the 

principal mediator of mast cell activation in Type I hypersensitivity reactions (28). 

Binding of multivalent antigens (Ag) to IgE-bound receptors causes receptor aggregation 

and stimulation of a number of intracellular signal cascades (28). This leads to: (a) the 

release  of  preformed  inflammatory  mediators  such  as  histamine,  heparin  and  serine   
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Figure 2. The development of mast cells from multipotent hematopoietic stem cells. 

Multipotent hematopoietic stem cells in the bone marrow have the ability to differentiate 

into either common myeloid progenitor cells or common lymphoid progenitor cells. Mast 

cell committed progenitors are further differentiated from common myeloid progenitor 

cells. These immature mast cells enter the circulation and migrate to mucosal and 

connective tissues and fully differentiate into mucosal mast cells and connective tissue 

mast cells, respectively. Adapted from (53). 
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proteases, in a process known as degranulation; (b) de novo production of lipid 

metabolites such as prostaglandins and leukotrienes; and (c) increased cytokine and 

chemokine gene expression and subsequent secretion (28, 76). The consequences of these 

events are increased vascular permeability, recruitment of immune cells and 

inflammation in the surrounding tissue (116). A variety of other receptors expressed by 

mast cells can serve to amplify FcεRI-mediated signals or activate mast cells 

independently of FcεRI (28). One such receptor is Kit, which plays a critical role in mast 

cell development and function (60). 

1.6 Physiological and pathophysiological roles of mast cells 

The strategic location of mast cells at sites that are especially prone to infection is 

important for their function as sentinels in the innate immune response against parasitic, 

bacterial and viral infections (15, 25). Following infection, mast cells accumulate and 

become activated in response to pathogenic microorganisms via stimulation of various 

complement and toll-like receptors (15, 72, 84). This results in the production and 

secretion of various mediators into the surroundings, which attract additional immune 

cells, including neutrophils and eosinophils, in order to combat the infection (4). Mast 

cells have also been implicated in adaptive immunity through their ability to influence 

dendritic cells, T cells and B cells in response to infection; however, their contribution to 

this response in vivo has not been completely characterized (25). 

Mast cells are also effectors of the allergic response through FcεRI-induced 

release of inflammatory mediators (4). The development of allergic diseases, such as 
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asthma and allergic rhinitis, often occurs as a result of exaggerated mast cell signaling, 

due to increases in both mast cell numbers and activation (76). Mast cell dysregulation is 

associated with a number of diseases, such as the inflammatory disease rheumatoid 

arthritis (4). It is therefore important to elucidate the signaling pathways of mast cells in 

order to develop effective treatments for these diseases. 

1.7 The Kit receptor 

Mast cells are distinguished from other mature leukocytes by their expression of 

the Kit receptor (60). The viral oncogene v-kit was first discovered in the Hardy-

Zuckerman 4 feline sarcoma virus (3), which was followed by identification of the 

corresponding cellular proto-oncogene c-kit, which encodes the Kit receptor (122). This 

type III receptor protein-tyrosine kinase (RTK) is related to the platelet-derived growth 

factor receptor (PDGFR) and the colony-stimulating factor receptor, Fms (127). Kit plays 

an important role in the differentiation, proliferation, survival, adhesion and migration of 

many cell types, including mast cells (88, 89). Mutations in the W allele (encoding Kit) 

have recently been described (W-sash) as a useful mast cell-deficient mouse model to 

probe their involvement in immunity and disease (33). 

Kit is a single-pass transmembrane receptor with an extracellular ligand binding 

domain made up of five Ig-like domains and an intracellular domain consisting of a 

juxtamembrane domain (JMD), a tyrosine kinase domain interrupted by an insert region 

and a short C-terminal tail (Figure 3) (60). The activation loop contains a single tyrosine 

residue and is located within the distal portion of the kinase domain (89). 



 

 11 

1.8 Activation of the Kit receptor 

The Kit receptor remains as an inactive monomer in the absence of its ligand stem 

cell factor (SCF) (90). Binding of homodimeric SCF to the extracellular domain of two 

Kit monomers induces receptor dimerization and transphosphorylation of Y568 and Y570 

located in the JMD (70). The resulting conformational changes promote the intrinsic 

kinase activity of Kit (6, 59), which is stabilized by transphosphorylation of Y823 in the 

kinase domain activation loop (90). This leads to autophosphorylation of multiple 

tyrosine residues within the insert region, distal kinase domain and cytoplasmic tail, 

thereby providing docking sites for SH2 domain-containing signaling molecules (Figures 

3 and 4) (60).  

  Gain-of-function mutations that render Kit constitutively active have been found 

in a variety of cancers, including gastrointestinal stromal tumours (GISTs), acute 

myelogenous leukemia (AML), mastocytosis and mast cell leukemia (89). In mast cell 

neoplasms, mutations are most commonly located in the kinase domain activation loop at 

D816 (52), whereas the most frequently occurring mutations in GISTs are in the JMD (52, 

88), which normally functions to repress kinase activity (Figure 3) (90). Imatinib  

mesylate is an inhibitor of the tyrosine kinases PDGFR, Abl and Kit (10). While Imatinib 

inhibits Kit receptors harboring JMD mutations, it is not particularly effective on the 

distal kinase domain Kit mutants predominantly found in mast cell neoplasms (11, 41). 

Therefore, finding new targets to inhibit Kit signaling via kinase domain mutations is 

necessary for the treatment of these diseases. Fes is a possible candidate to investigate, as 

it  has  been  reported to signal downstream of Kit
D816V

 where it regulates STAT1/3/5 and  
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Figure 3. The domain organization of the human Kit receptor. 

The Kit receptor consists of an extracellular ligand binding domain made up of 5 Ig-like 

domains, followed by a short transmembrane domain, and an intracellular JMD, a kinase 

domain interrupted by an insert region, and a short C-terminal tail. Cytoplasmic tyrosine 

residues that become phosphorylated upon Kit activation are indicated on the right, 

including Y823 located in the kinase domain activation loop (AL). Frequently occurring 

activating Kit mutations in GISTs (red) and mast cell neoplasms (blue) are also indicated 

on the right. Adapted from (60, 90). 
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p70 S6 kinase activity and promotes mast cell proliferation (113) Through the study of 

transgenic mouse models of Fes and Fer (37, 67, 129), it is known that neither kinase is 

essential during embryogenesis or in adults. However, the elevated innate immune 

response of mice lacking Fes or Fer kinases (37, 85) may suggest that any therapeutic 

agent targeting these molecules would have potential effects on inflammation. 

1.9 Key players of proximal Kit signaling in mast cells 

In order to propagate signals within the cell from the Kit receptor, a number of 

signaling molecules are recruited to the activated receptor [Reviewed in (60, 89)], of 

which the proteins pertinent to this project are discussed here (Figure 4). The SFKs Fyn 

and Lyn are among the downstream effectors recruited to the Kit JMD phosphotyrosine 

residues, and contribute to additional Kit tyrosyl phosphorylation (61, 88). SFKs 

propagate signals downstream of a number of receptors, including Fc receptors, integrins 

and RTKs (89), and play important roles in many cellular responses, such as proliferation, 

differentiation, survival, adhesion and migration (107). Both Fyn and Lyn have been 

linked to SCF-induced Jun N-terminal kinase 2 (Jnk2) activation and chemotaxis in mast 

cells (74, 91, 100); however, Fyn and Lyn also have distinct functions. In particular, it 

was found that Fyn is necessary for phosphorylation of the protein-tyrosine phosphatase 

(PTP) Shp2 and p38 mitogen-activated protein kinase (MAPK) (91). Fyn appears to play 

a role in the initial stages of Kit-mediated mast cell migration, as Fyn-deficient bone 

marrow-derived mast cells (BMMCs) display reduced Rac activation and cell spreading 

on fibronectin (FN) (92). Lyn, on the other hand, promotes SCF-induced Kit and STAT3 

phosphorylation and plays a role in the proliferation of mast cells (100). 
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Many signaling proteins are recruited to the Kit receptor in an indirect manner via 

adaptor proteins. Grb2 binds Kit directly at Y703 and Y936 (108), or indirectly through 

Shc at Y568 in the JMD (83). Kit stimulation results in phosphorylation of Gab2, which 

is associated with the Shc/Grb2 complex, leading to the recruitment and activation of 

additional proteins, such as phosphoinositide 3-kinase (PI3K) and Shp2 (127). Gab2, via 

the recruitment of Shp2, has been found to play an important role in SCF-induced mast 

cell proliferation (73, 127).  

Class IA PI3Ks are frequently linked to RTK signaling (89). In addition to being 

recruited to Kit indirectly via adaptor proteins (e.g. Gab2), the SH2 domains of the p85 

regulatory subunit of PI3K directly associate with Kit at Y721 and Y730 within the 

kinase insert region, leading to the recruitment of the p110 catalytic subunit and PI3K 

activation (63, 97). Kit-mediated PI3K activation leads to anti-apoptotic signaling via Akt 

(7), and proliferation of mast cells via Jnk (109, 115). Direct binding of PI3K to Kit is 

important for mast cell migration, as it promotes cell adhesion to the extracellular matrix 

(ECM), formation of membrane ruffles through Rac activation, and mast cell recruitment 

to the peritoneal cavity (106, 115, 127).  

The PTPs Shp1 and Shp2 are recruited to phosphorylated JMD tyrosine residues 

in Kit, and in the case of Shp2, also via the Gab2 adaptor protein (55, 91). Shp1 is 

expressed in hematopoietic cells, whereas Shp2 is ubiquitously expressed (89).  Shp1 acts  
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Figure 4. Key players in proximal Kit signaling in mast cells. 

SCF binds to Kit and induces receptor dimerization and autophosphorylation of 

JMD tyrosine residues. This leads to the recruitment of the SFKs Fyn and Lyn, 

which contribute to additional phosphorylation of the Kit receptor and other 

signaling proteins. The adaptor protein Grb2 is recruited to Kit directly via Y703 

and Y936, and indirectly via Shc at Y568. Gab2 exists in a complex with Shc and 

Grb2, which recruits both PI3K and Shp2. PI3K is also recruited to Kit directly at 

Y721/Y730. Shp1, which opposes the actions of Shp2, is recruited to Y570 in the 

JMD. Adapted from (60, 127). 
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as a negative regulator of Kit signaling through dephosphorylation of the Kit receptor (65, 

80). One process in mast cells that is regulated by Shp1 is proliferation, as loss of Shp1 

leads to hyperproliferation (65). Interestingly, Kit
D816V

 signaling induces the degradation 

of Shp1 (82), indicating that this oncogenic pathway has developed a means of reducing 

negative regulation of Kit signaling via Shp1. In contrast, Shp2 is a positive regulator of 

mast cell proliferation through activation of Ras, Rac and Jnk (127). There is also 

evidence that SCF-mediated Shp2 signaling promotes mast cell migration (91). Shp1 and 

Shp2 appear to balance Kit signaling by having opposing functions. 

1.10 Crosstalk between Kit and integrin receptors 

Adhesion of mast cells to the ECM is critical for inducing cell motility. SCF 

stimulation leads to rapid adhesion of mast cells to FN (106), indicating that Kit signaling 

may promote migration by influencing the affinity of adhesion receptors for FN in a 

process known as “inside-out” signaling (27, 29). Integrins are cell surface adhesion 

receptors that bridge the ECM to the cell’s actin cytoskeleton at focal adhesions (46, 69), 

and transmit signals to the cell interior to promote cell proliferation, survival and 

migration (24).  

It is well-known that crosstalk occurs between integrins and many different RTKs 

including Kit (106), which in some cases may involve co-clustering of receptors (26, 

121). Crosstalk is often necessary for optimal signaling, as it can synergistically enhance 

cellular responses, such as migration (27). The exact mechanism by which this occurs 
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depends on the specific RTKs and integrins involved; however, it is evident that SFKs, 

which are common to both signaling pathways, play a central role in this process (17, 27).  

Mast cells express a variety of integrins, including the α4, α5, β1, and β7 subunits 

(16, 36); exact expression profiles vary with tissue localization of the cells (77). Evidence 

suggests that SCF-mediated mast cell migration is linked to α4β1 and α5β1 integrins 

(106). Both α4β1 and α5β1 bind FN; α4β1 binds specifically to the type III connecting 

segment (CS-1) of FN, whereas α5β1 binds to the 9-11 repeats of FN (78) (Figure 5A).  

Basal levels of α4β1 integrin-mediated mast cell migration were found to be 

approximately 10-fold higher than haptotaxis via α5β1 integrins; however, SCF 

stimulation significantly enhances haptotaxis via either α4β1 or α5β1 integrins (106). Tan 

et al. focused on crosstalk to α4β1, and revealed that Kit signaling to α4β1 integrins is 

mediated by PI3K and Rac (106). It has also been determined that Fyn kinase plays a role 

in mediating Kit/β1 integrin crosstalk in mast cells through the activation of Rac to 

promote spreading, cytoskeletal remodeling and migration (92). A schematic model for 

this crosstalk is depicted in Figure 5B.  

1.11 Project rationale 

A number of studies on mast cell signaling have primarily focused on Fer PTK 

activation downstream of Kit and FcεRI. However, these studies also revealed that Fes is 

rapidly activated downstream of FcεRI in mast cells, and it is therefore likely that the 

same is true in the Kit receptor pathway, as a previous study by Sangrar et al. described 

Kit-induced  Fes  phosphorylation  in  erythroid  progenitor  cells  (93).  Evidence for Fes 
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Figure 5. A model for crosstalk between the Kit receptor and β1 integrins. 

A. Full-length FN is a ligand for β1 integrins, and different regions within the protein are 

ligands for specific β1 integrins. In order to study a particular integrin, these specific 

regions can be used on their own. Both α4β1 and α5β1 are involved mast cell migration. 

α4β1 integrins bind to the CS-1 region of FN, whereas α5β1 integrins bind to the 9-11 

repeats. Adapted from (43). B. Kit activation leads to the recruitment of Fyn kinase and 

PI3K. PI3K and Rac activation promote SCF-mediated migration on FN (106). In 

addition, Fyn is required for the activation of Rac, and promotes cytoskeletal 

reorganization and migration on FN (92). This study investigated Fes activation 

downstream of Kit and its role in crosstalk between Kit and β1 integrins in mast cells. 
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activation downstream of the Kit receptor in mast cells is shown in Appendix A. Fes 

becomes phosphorylated independently of its own kinase activity in response to SCF 

stimulation. Fyn kinase is implicated as an upstream activator of Fes, as reduced 

phosphorylation of Fes is observed in fyn
-/-

 BMMCs. Given that Kit activation leads to 

increased Fes phosphorylation, and the high expression of Fes in mast cells, it could be 

hypothesized that Fes plays an important role in Kit signaling in mast cells.  

Using BMMCs from control and fes-/- mice, this thesis attempts to uncover the 

role of Fes in mast cells activated via the Kit receptor. Since Fer-deficient mast cells 

display defects in migration in response to SCF or IgE/Ag (14), it is hypothesized that 

Fes regulates cytoskeletal reorganization and migration of mast cells. More specifically, 

this project examined a role for Fes in the regulation of crosstalk between the Kit receptor 

and β1 integrins in mast cells. 
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Chapter 2 

Materials and Methods 

2.1 Antibodies 

Antibodies obtained from Abcam were: anti-HEF-1 (ab18056; mouse mAb; 

1:2000) and anti-phospho-c-Kit (pY703; ab5631; rabbit pAb; 1:1000). Cell Signaling 

Technology antibodies used were: anti-phospho-Akt (pS473; #4058; rabbit mAb; 1:1000), 

anti-c-Kit (#3392; rabbit pAb; 1:1000), anti-p38 MAPK (#9212; rabbit pAb; 1:1000), 

anti-phospho-p38 MAPK (pT180/pY182; #9211; rabbit pAb; 1:1000) and anti-α/β-

Tubulin (#2148; rabbit pAb; 1:1000). Antibodies from Santa Cruz Biotechnology Inc. 

include: anti-Akt1/2/3 (sc-8312; rabbit pAb; 1:1000), anti-Erk1 (sc-94; rabbit pAb; 

1:500), anti-phospho-Erk (pY204; sc-7383; mouse mAb; 1:200), anti-Vav (sc-132; rabbit 

pAb; 1:1000) and anti-phosphotyrosine (pY99; sc-7020; mouse mAb; 1:1000). Anti-HS1 

(KAM-TK010; mouse mAb; 1:1000) was from Stressgen. Dr. Peter Greer kindly 

provided anti-Fes/Fer serum (Queen’s University; rabbit pAb; 1:1000). 

2.2 Transgenic mice 

Wild-type (WT; fes
+/+

) and homozygous fes-null (fes
-/-

) mice (129) were housed 

under pathogen-free conditions at Queen’s University Animal Care Services. All studies 

were approved by the Animal Care Committee at Queen’s University. 



 

 21 

2.3 BMMC cultures 

Femurs were isolated from 4- to 8-week-old WT and fes
-/-

 mice, and bone marrow 

cells were obtained by flushing twice with BMMC medium (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, 5% [vol/vol] conditioned medium 

from HEK293-KLS cells, 50 µM α-monothioylglycolate). Non-adherent cells were 

maintained at a density of 0.5-1.5×10
6
 cells/ml, and adherent cells were discarded. After 

4 weeks, BMMC maturity was assessed. For the detection of surface expression of FcεRI 

and Kit, 1×10
6
 BMMCs were sensitized overnight 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) and analyzed by flow cytometry. 

2.4 BMMC stimulation and harvesting 

BMMCs were starved of IL-3 and SCF overnight in BMMC starvation medium 

(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, 50 µM α-monothioylglycolate). Cells were washed in Tyrode’s buffer (10 

mM HEPES, pH 7.4, 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1 mM MgCl2, 5.6 mM 

glucose, 0.1% bovine serum albumin), resuspended in Tyrode’s buffer supplemented 
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with or without recombinant mouse SCF (50 ng/ml) and incubated at 37°C for the 

indicated times. 

Cells were then placed on ice, pelleted by centrifugation at 4°C, washed in cold 

phosphate-buffered saline (PBS)/0.1 mM sodium orthovanadate, and lysed in kinase lysis 

buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Nonidet P-

40, 0.5% [wt/vol] sodium deoxycholate, 10 µg aprotinin/ml, 10 µg leupeptin/ml, 1 mM 

vanadate, 100 µM PMSF). Insoluble material was removed by centrifugation at 12000 

rpm to generate soluble cell lysates (SCLs). 

2.5 Cell lines 

HMC-1 cells (kindly provided by Dr. Joseph Butterfield, Rochester, MN) are a 

human leukemic mast cell line that is heterozygous for two activating mutations (V560G 

and D816V) in c-kit. Cells were maintained under regular growth conditions in BMMC 

starvation medium. Prior to stimulation and harvesting as described in Section 2.4, cells 

were starved of serum overnight in HMC-1 starvation medium (Iscove’s modified 

Dulbecco’s medium, 1% [vol/vol] antimicrobial-antimycotic solution, 1 mM sodium 

pyruvate, 1% [vol/vol] nonessential amino acids, 50 µM α-monothioylglycolate). 

2.6 Immunoprecipitation and immunoblotting 

SCLs (5-10×10
6
 cells/condition) were subjected to immunoprecipitation (IP) with 

the following antibodies: anti-Fes/Fer serum (10 µl/IP), and anti-HS1 (2 µg/IP). 

Antibody-protein complexes were collected by incubation with 25 µl of GammaBind 

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

were transferred to polyvinylidene difluoride (PVDF) membranes using a semi-dry 

transfer apparatus (Bio-Rad) and immunoblotting was carried out by incubation with the 

indicated primary antibodies. Proteins were detected with either horseradish peroxidase 

(HRP)-conjugated sheep anti-mouse Ig (1:10000; GE Healthcare Ltd.) or HRP-

conjugated donkey anti-rabbit Ig (1:10000; GE Healthcare Ltd.) and visualized with 

enhanced chemiluminescence (ECL) reagents (Applied Biological Materials Inc.).  

2.7 GST fusion protein expression and purification 

Glutathione S-Transferase (GST)-containing plasmids (GST-9-11 FN and GST-

Fes SH2) were transformed into BL21 cells, colonies were 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. Lysates 

were prepared in A1000 (20 mM Tris pH 8, 1000 mM NaCl, 0.2 mM EDTA, 0.5 mM 

DTT, 0.1% phenylmethylsulfonyl fluoride [PMSF]) supplemented with 10 mg/ml 

lysozyme, sonicated, and clarified prior to purification using Glutathione-Sepharose 

beads according to the manufacturer’s instructions (GE Healthcare Ltd.). GST-9-11 FN 

was eluted from the beads using Glutathione elution buffer (50 mM Tris pH 8, 10 mM 

reduced glutathione). GST-Fes SH2 domain fusions and pull-down (PD) assays were 

performed as previously described (68). 
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2.8 BMMC adhesion and spreading assays 

BMMCs starved of IL-3 and SCF in low serum (6% fetal bovine serum) media for 

4 hours were placed in wells (2-4×105 cells/well) containing glass coverslips coated with 

20 µg/ml of either full-length FN or GST-9-11 FN, and stimulated with Tyrode’s buffer 

supplemented with SCF (20 ng/ml) for the indicated times. A 5 minute wash step with 

PBS was included for the 15 and 45 minute time points. Coverslips were then washed 

with cold PBS and cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% 

Triton X-100/PBS, stained with Alexa Fluor 488-conjugated phalloidin (1:400) and 

visualized by fluorescence microscopy. Image-Pro Plus 6.0 software was used to quantify 

cell size. 

2.9 BMMC migration assays 

To prepare Transwell chambers (3 µm pore size), the undersides of the 

membranes were coated with 20 µg/ml of either full-length FN or GST-9-11 FN for 2 

hours at 37°C, rinsed once with PBS, and used for the migration assays with BMMCs 

starved of IL-3 and SCF in low serum (6% fetal bovine serum) medium for 4 hours. 

Lower chambers contained 500 µl of migration medium (Iscove’s modified Dulbecco’s 

medium, 0.1% BSA) supplemented with or without SCF (10 ng/ml). BMMCs were 

washed and resuspended in migration medium (2×10
6
 cells/ml), and 4×10

5
 cells were 

placed in the upper well of a Transwell chamber. After incubation at 37°C for 3 hours, 

non-migratory cells on the upper surface of the membrane were removed with a cotton 

swab. Migratory cells attached to the underside of the membrane were fixed with 2% 



 

 25 

paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS and stained with 

tetramethyl rhodamine isothiocyanate (TRITC)-conjugated phalloidin (1:200) and 4',6-

diamino-2-phenylindole (DAPI; 300 nM). Cells were visualized by fluorescence 

microscopy, and the number of cells was recorded for 5 fields of view per membrane at 

10× magnification to calculate relative migration.  

2.10 Retroviral transduction of bone marrow progenitors 

WT and fes
-/-

 mice were injected with 5-fluorouracil (5-FU; 100 mg/kg 

intraperitoneally) to promote the expansion of bone marrow progenitor cells. After 4 days, 

bone marrow cells were obtained as described in Section 2.4, and cultured in a cytokine 

cocktail (5% [vol/vol] IL-3 conditioned medium, 5% [vol/vol] SCF conditioned medium, 

and 10 ng/ml IL-6) for 2 days. HEK293T cells (growing on 10-cm plates) were 

transfected using Lipofectamine to produce retrovirus. 24 hours post-transfection, non-

adherent bone marrow progenitors were incubated with 2 µg/ml protamine sulfate for 1 

hour and co-cultured with the HEK293T viral producers for 2 days. Bone marrow cells 

were then collected, cultured in BMMC medium for 2 days, followed by selection with 

puromycin (1 µg/ml) for 5 days. Transduced cells were cultured in BMMC medium for 4 

weeks and analyzed by flow cytometry as described in Section 2.4. Surface expression of 

FcεRI and Kit were similar to untreated BMMCs. 

2.11 Densitometry and statistical analysis 

Autoradiograms of immunoblots with minimal background were scanned and the 

mean density for each band was analyzed using Corel Photo-Paint software. For each 
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phospho-specific signal, respective protein loading controls were used to determine the 

relative levels of phosphorylation.  

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 SH2 domain interactions within the Kit pathway 

A previous study reported that the Fes SH2 domain functions in its recruitment to 

FcεRI, leading to phosphorylation of Fes in mast cells (68). To determine if the SH2 

domain of Fes plays a similar role in the Kit pathway, Fes SH2 domain pull-downs were 

employed in SCF-stimulated BMMCs. WT BMMC SCLs were incubated with either 

GST as a negative control, or GST-Fes SH2 fusion protein bound to Glutathione-

Sepharose beads to retrieve any SH2 domain-interacting proteins. Proteins were then 

detected by immunoblotting with anti-phosphotyrosine (Figure 6A). No protein was 

detected in the GST pull-downs (lanes 4 to 6), confirming that the GST tag does not 

contribute to artifactual protein interactions. Based on the tyrosine phosphorylation 

profile of the Fes SH2 pull-downs (lanes 7 to 9), several potential ligands were identified 

as indicated by arrows, including pp145 and pp105. Since the Kit receptor is 

approximately 145 kDa, it was investigated whether pp145 detected with anti-

phosphotyrosine corresponded to Kit using a phospho-Kit-specific antibody. The 

phosphorylated Kit receptor was detected in the Fes SH2 pull-downs with SCF 

stimulation (Figure 6A, lanes 7 to 9) but not in the GST pull-downs (Figure 6A, lanes 4 

to 6), indicating that Fes is recruited to the receptor via its SH2 domain following SCF 

binding  and  subsequent  tyrosine  phosphorylation of Kit. It is likely that this interaction  
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Figure 6. The SH2 domain of Fes interacts with the phosphorylated Kit 

receptor and HEF-1. 

A. BMMCs were starved and stimulated with SCF (50 ng/ml) for the indicated 

times. SCLs were prepared and incubated with either GST or a GST-Fes SH2 

domain fusion protein bound to beads. Immunoblotting was then carried out with 

anti-phosphotyrosine. Phosphorylated Fes SH2 domain ligands are indicated by 

arrows on the right. Further immunoblotting with anti-phospho-Kit and anti-HEF-1 

to identify pp145 and pp105, respectively, was performed. B. SCLs were prepared 

with HMC-1 cells that were starved and stimulated with SCF (50 ng/ml) for the 

times indicated or under regular growth conditions. GST or GST-Fes SH2 pull-

downs were carried out and immunoblotted with anti-phospho-Kit. C. SCLs were 

prepared from HMC-1 cells that were starved and stimulated with SCF (50 ng/ml) 

for the times indicated or under regular growth conditions and used to 

immunoprecipitate Fes. Immunoblotting with anti-phosphotyrosine was carried out 

and arrows on the right indicate phosphoproteins corresponding to the size of Kit 

and HEF-1. Further immunoblotting with anti-phospho-Kit and anti-HEF-1 was 

performed. The positions of molecular mass markers in kilodaltons are located on 

the left.  
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aids in recruitment of Fes to the vicinity of Fyn, which subsequently phosphorylates and 

activates Fes (Appendix A). 

Using a database of proteins that are predicted to bind the Fes SH2 domain 

(http://129.100.30.140/cgi-bin/SMALI.pl), the 105 kDa human enhancer of filamentation 

1 (HEF-1), also known as CasL, was identified as a possible pp105 Fes SH2 domain 

ligand. HEF-1 is a member of the Cas family of proteins that is preferentially expressed 

in lymphocytes and localizes to focal adhesions and lamellipodia (18). GST and Fes SH2 

domain pull-downs were carried out and immunoblotted with anti-HEF-1 antibody. An 

interaction between the Fes SH2 domain and HEF-1/CasL was identified in WT BMMCs 

(Figure 6A, lanes 7 to 9), although this interaction does not appear to be SCF-dependent. 

This finding is interesting as it may point to a role for Fes at focal adhesions and 

lamellipodia, which are cell migration structures. 

GST and Fes SH2 domain pull-downs were repeated using HMC-1 cells, and 

were immunoblotted with anti-phospho-Kit and anti-HEF-1. The Fes SH2 domain was 

found to interact with the phosphorylated Kit receptor in HMC-1 cells as well (Figure 6B, 

lanes 7 to 9), indicating that Fes likely signals downstream of oncogenic Kit. This is 

important as further research could investigate Fes inhibitors as a treatment for mast cell 

neoplasms; Fes could be a good candidate as it has redundant functions with Fer. 

Immunoblotting with anti-HEF-1 revealed no detectable interaction between the Fes SH2 

domain and HEF-1/CasL in HMC-1 cells (data not shown). This may reflect differences 

in HEF-1/CasL tyrosine phosphorylation profiles or its associated proteins between 

BMMCs and HMC-1 cells. 
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In addition, Fes interactions with phosphoproteins were examined in HMC-1 cells 

that were starved and stimulated or under regular cell growth conditions. Immunoblotting 

with anti-phosphotyrosine antibody revealed bands corresponding to the Kit receptor of 

approximately 130 kDa and 145 kDa and well as bands at 105 kDa, as marked by arrows 

(Figure 6C, lanes 4 to 6). This was followed up by immunoblotting with anti-phospho-Kit 

and anti-HEF-1 antibodies, which revealed further evidence of the interaction of Fes with 

both the phosphorylated Kit receptor and HEF-1/CasL (Figure 6C, lanes 4 to 6). 

3.2 Fes is not required for mast cell maturation in vitro 

To understand the function of Fes in the Kit signaling pathway of mast cells, 

BMMC progenitor cells were obtained from the femurs of WT and fes
-/-

 transgenic mice 

(129) and cultured in the presence of the growth factors SCF and IL-3 for 4 weeks to 

allow the cells to mature. Following this time period, flow cytometry analysis revealed 

that >80% of the WT and fes
-/-

 cells were positive for the expression of both the FcεRI 

and Kit receptors (Figure 7). This indicates that Fes is not essential for mast cell 

differentiation under these culture conditions, and that both cell cultures can be compared 

in their response to SCF. 

3.3 fes
-/-

 BMMCs display increased phosphorylation of Kit and pp65 

To determine whether WT and fes
-/-

 BMMCs are similarly responsive to SCF 

treatment, SCLs were immunoblotted with anti-phosphotyrosine and the general tyrosine 

phosphorylation   profiles   were   compared  (Figure  8A).  Of  interest  was  the  tyrosine  
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Figure 7. Fes is not essential for the maturation of BMMC cultures. 

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 in both cultures to determine their maturity. Isotype 

antibodies were used as a control. 
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phosphorylation status of the Kit receptor, which is indicated by an arrow at 

approximately 145 kDa. Upon immunoblotting with a phospho-Kit-specific antibody and 

normalizing relative to total Kit, it was observed that fes
-/-

 BMMCs display an increase in 

Kit phosphorylation, even under basal conditions, compared to WT (Figure 8B, compare 

lanes 1 to 3 with lanes 4 to 6). This suggests that Fes may regulate a phosphatase that is 

responsible for dephosphorylating the Kit receptor. Interestingly, a tyrosine 

phosphorylated protein indicated by an arrow at approximately 65 kDa was detected in 

fes
-/-

 BMMCs (Figure 8A, lanes 4 to 6), but not WT cells, which corresponds to the 

approximate size of Shp1 PTP, known to be involved in the Kit signaling pathway. This 

would be an interesting candidate to study as a possible mechanism for the observed 

increase in Kit phosphorylation in fes
-/-

 BMMCs.  

In addition, the genotypes of these cultures were ensured by immunoblotting with 

anti-Fes/Fer antibody. As seen in Figure 8C, both Fes and Fer were detected in WT 

BMMCs (lanes 1 to 3), whereas fes-/- BMMCs express only Fer (lanes 4 to 6). 

Comparison between WT and fes-/- BMMCs reveals no compensatory change in the 

expression levels of Fer in the absence of Fes. 

3.4 Fes is necessary for sustained p38 MAPK signaling 

Next, it was investigated whether Fes plays a role in the regulation of key 

signaling pathways downstream of the Kit receptor. The activation of Akt, Erk MAPK 

and p38 MAPK was compared between WT and fes
-/-

 BMMCs treated with SCF for the 

times indicated (Figure 9).  Both Akt and Erk MAPK activation profiles were found to be  
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Figure 8. Increased phosphorylation of Kit and pp65 is observed in fes
-/-

 BMMCs. 

BMMCs were starved and stimulated with SCF (50 ng/ml) for the indicated times and 

SCLs were prepared. A. SCLs were immunoblotted with anti-phosphotyrosine. The 

phosphorylated Kit receptor is indicated by an arrow on the left labeled pp145. A 

phosphoprotein pp65 displaying increased phosphorylation in fes
-/-

 BMMCs is marked by 

an arrow on the left. B. SCLs were immunoblotted with anti-phospho-Kit and anti-Kit. 

The results of densitometry analysis of relative Kit phosphorylation are shown below. C. 

SCLs were immunoblotted with anti-Fes/Fer. The positions of molecular mass markers in 

kilodaltons, Fes and Fer are indicated on the left.  
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similar between WT and fes-/- BMMCs (Figures 9A and 9B). Analysis of p38 MAPK 

activation revealed no difference between WT and fes-/- at 2 minutes of SCF stimulation; 

however, at 10 minutes of SCF stimulation, fes
-/-

 BMMCs display a significant reduction 

in p38 phosphorylation compared to WT (Figure 9C, compare lanes 3 and 6). 

Interestingly, a previous study has indicated that Fer is also required for p38 MAPK 

signaling downstream of the Kit receptor (14), suggesting that Fes and Fer may play 

partially redundant roles in regulating this signal cascade. 

3.5 Fes regulates Kit- and α5β1 integrin-mediated mast cell adhesion and spreading 

Since p38 MAPK is known to promote cell migration (44), various stages of the  

migration process were examined with WT and fes
-/-

 BMMCs. SCF stimulation results in 

Kit signaling to β1 integrins leading to adhesion and migration of mast cells on the ECM 

component FN (106). Here, the abilities of WT and fes
-/-

 BMMCs to adhere to coverslips 

coated with either full-length FN (a ligand for β1 integrins) or 9-11 FN (a ligand for α5β1 

integrins) were compared. Upon stimulation with SCF for 15 minutes, fes
-/-

 cells 

displayed significantly increased adhesion on both matrices (full-length and 9-11 FN), 

compared to WT cells (Figure 10A). This indicates that Fes plays a role downstream of 

the Kit receptor in the regulation of α5β1 integrin-mediated mast cell adhesion. This is an 

interesting finding considering a previous study showing a similar role for Fer in SCF-

induced mast cell adhesion (14). 

A role for Fes in SCF- and α5β1 integrin-mediated mast cell spreading was 

examined  next,  as  mast  cells begin to spread through the formation of lamellipodia and 
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Figure 9. Sustained p38 MAPK signaling requires Fes. 

BMMCs were starved and stimulated with SCF (50 ng/ml) for the indicated times and 

SCLs were prepared. Immunoblotting was carried out with A. anti-phospho-Akt and anti-

Akt, B. anti-phospho-Erk and anti-Erk, and C. anti-phospho-p38 and anti-p38. The 

results of densitometry analysis of relative phosphorylation are shown below (C. Mean ± 

SD for 3 experiments). The positions of molecular mass markers in kilodaltons are 

located on the left. Asterisks indicate a significant difference (p<0.05) using the student’s 

T test. 
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membrane ruffles following adhesion. WT and fes-/- BMMCs were plated on coverslips 

coated with either full-length or 9-11 FN, and stimulated with SCF for 15 minutes. The 

areas of the cells were then quantified using Image Pro software. Analysis revealed that 

the average size of fes
-/-

 cells was significantly greater than that of WT cells (Figure 10B), 

indicating that Fes is involved in SCF- and α5β1 integrin-mediated regulation of actin 

cytoskeletal remodeling that is necessary for cell spreading to occur. 

3.6 Fes promotes Kit- and α5β1 integrin-induced mast cell polarization 

As cells begin to migrate, they form a polarized structure with leading and trailing 

edges. To examine whether Fes plays a role in the regulation of this process, WT and   

fes
-/-

 BMMCs were plated on either full-length or 9-11 FN and stimulated with SCF for 

45 minutes. Cells were then scored as either polarized or round under each condition and 

the percentage of polarized cells was calculated. fes
-/-

 cells were observed to be defective 

in SCF-induced polarization on both matrices in comparison to WT cells (Figure 10C), 

indicating that Fes plays a role in promoting formation of this highly motile polarized 

structure induced by Kit and α5β1 integrin signaling.  

3.7 Fes contributes to HS1 phosphorylation and Vav1 recruitment 

 Since this data indicates that Fes is a regulator of SCF- and α5β1 integrin-

mediated actin reorganization in mast cells, possible Fes substrates that are known to be 

involved in this process were investigated. A recent study has shown that hematopoietic 

lineage cell-specific protein 1 (HS1) is a substrate of Fes downstream of the FcεRI 

pathway  in  mast  cells  (68).  HS1  is  a cortactin homologue expressed in hematopoietic 
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Figure 10. Fes regulates SCF- and α5β1 integrin-mediated adhesion and spreading, 

and promotes cell polarization. 

BMMCs were starved and plated on coverslips coated with either full-length or 9-11 FN 

with SCF (20 ng/ml). After 15 and 45 minutes, cells were fixed and stained with 

phalloidin for further analysis. A. Relative number of cells (mean ± SD for 3 experiments) 

adhering at 15 minutes. B. Relative cell size (mean ± SEM for 3 experiments) of spread 

cells at 15 minutes. Representative images of cells under each condition are shown to the 

right. C. Percentages (mean ± SD for 2 experiments) of polarized cells at 45 minutes. 

Representative images of polarized and round cells are shown to the right, with an arrow 

indicating the direction of cell movement. Asterisks indicate a significant difference 

(p<0.05) using the student’s T test. 
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cells that regulates actin assembly and stability (9, 112). In order to examine this in the 

context of the Kit pathway, WT and fes-/- BMMCs were starved and stimulated with SCF 

for various times (Figure 11). HS1 was immunoprecipitated and its phosphorylation 

status was determined by immunoblotting with anti-phosphotyrosine antibody. WT 

BMMCs displayed increased HS1 phosphorylation with SCF stimulation (Figure 11A, 

lanes 1 to 3), whereas fes
-/-

 BMMCs showed a reduction in HS1 phosphorylation (Figure 

11A, lanes 4 to 6) compared to WT. This indicates that HS1 is a substrate of Fes in the 

Kit pathway, which likely leads to reorganization of the actin cytoskeleton.  

 Phosphorylation of HS1 on two C-terminal tyrosine residues produces a docking 

site for the SH2 domain of Vav1, a guanine-nucleotide exchange factor (GEF) for Rac 

GTPase (30). To determine if Fes-dependent HS1 phosphorylation is required for Vav1 

recruitment to HS1 in the Kit pathway, HS1 was immunoprecipitated in WT and fes
-/-

 

BMMCs, and the samples were immunoblotted with anti-Vav1. It was observed that 

Vav1 is increasingly recruited to HS1 with SCF stimulation in WT cells (Figure 11B, 

lanes 1 to 3), while fes-/- cells showed decreased Vav1 recruitment (Figure 11B, lanes 4 to 

6) compared to WT. This suggests that Fes phosphorylation of HS1 is required for 

maximal Vav1 recruitment. This is likely important for Vav1 activation and subsequent 

Rac signaling to promote cytoskeletal reorganization and migration. 

3.8 Rescue of defects in cell spreading, polarization and migration of fes
-/-

 BMMCs 

through restored Fes expression 

Additional support for the evidence that Fes plays a role in regulating cytoskeletal 

reorganization  was  obtained  by  retroviral transduction of bone marrow progenitor cells  



 

 39 

 

 

 

 

 

 

 

 

 

A

B

A

B

 

 

Figure 11. Fes phosphorylates HS1 leading to Vav1 recruitment. 

BMMCs were starved and stimulated with SCF (50 ng/ml) for the indicated times and 

immunoprecipitation of HS1 was carried out. A. IP samples were immunoblotted with 

anti-phosphotyrosine and anti-HS1. The results of densitometry analysis of relative HS1 

phosphorylation are shown below. B. IP samples were immunoblotted with anti-Vav1. 

The results of densitometry analysis of relative Vav1 recruitment to HS1 are shown 

below. The positions of molecular mass markers in kilodaltons are located on the left. 
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with either empty vector (murine stem cell virus; MSCV) as a control, or with MSCV 

Myc-tagged  Fes  (Fes  rescue). Flow cytometry was used to analyze the maturity of these 

cultures as described earlier. As seen in Figure 12A, >85% of all cultures (WT MSCV, 

fes
-/-

 MSCV, and fes
-/-

 MSCV Myc-Fes
WT

) expressed both FcεRI and Kit receptors, 

indicating differentiation into mature mast cells. SCLs from these cultures were used to 

ensure that the retroviral transduction was successful by immunoblotting with anti-

Fes/Fer antibody. Both Fes and Fer were detected in WT control cells, only Fer was 

expressed in fes
-/-

 control cells, and a band of approximately 120 kDa was detected in the 

Fes rescue cells, which corresponds to the size of the Myc-Fes fusion protein (Figure 

12B). Analysis of Myc-Fes
WT

 expression in the Fes rescue cells was carried out using 

tubulin as a loading control (Figure 12B), which revealed a two-fold increase in Myc-

Fes
WT

 levels relative to endogenous Fes in WT control cells. These cultures were then 

used for further studies. 

First, the spreading assay (described in Section 3.5) was repeated with WT, fes-/- 

and Fes rescue BMMCs. Upon stimulation with SCF for 15 minutes, fes-/- control cells 

displayed an increase in cell size on both full-length and 9-11 FN compared to WT 

control cells (Figure 13A), as described earlier with non-transduced cultures (Figure 10B). 

Analysis of the spreading of Fes rescue cells revealed that restored expression of Fes 

resulted in a significant decrease in cell size compared to the fes
-/-

 control cells (Figure 

13A). This result provides further evidence that Fes is a regulator of SCF- and α5β1-

induced cytoskeletal reorganization in mast cells. 
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Figure 12. Fes rescue in fes
-/-

 BMMCs through retroviral transduction. 

Bone marrow cells from WT and fes
-/-

 mice were infected with control (MSCV) or rescue 

(Myc-Fes
WT

) retroviruses. Transduced cells were selected for with puromycin and 

cultured as described in Materials and Methods. A. Flow cytometry was used to detect 

surface expression of FcεRI and Kit to determine mast cell maturity. Isotype antibodies 

were used as a control. B. SCLs were prepared and used to IB with anti-Fes/Fer and anti-

tubulin. Densitometry analysis of Myc-Fes
WT

 expression relative to endogenous Fes is 

shown below. The positions of molecular mass markers in kilodaltons, Fes, Fer and Myc-

Fes
WT

 are indicated on the left. 
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WT, fes-/- and Fes rescue BMMCs were also used to repeat the polarization assay 

(described in Section 3.6). Once again, fes-/- control cells displayed defective SCF-

induced  cell  polarization  compared to WT MSCV cells on both full-length and 9-11 FN 

(Figure 13B). The expression of Myc-Fes
WT

 in fes
-/-

 BMMCs was observed to restore the 

ability  of  cells  to  polarize  to  levels  similar  to  WT  control   cells  on  both   matrices  

(Figure 13B). This indicates that Fes is indeed involved in regulation of SCF- and α5β1 

integrin-mediated cytoskeletal reorganization that is necessary for cells to form a 

polarized shape. 

Lastly, a role for Fes in SCF- and integrin-mediated migration was investigated to 

follow up on the defects in p38 MAPK signaling and cell polarization that were observed 

in fes
-/-

 BMMCs. Control and Fes rescue cells were incubated for 3 hours in order to 

allow migration through FN (full-length or 9-11)-coated Transwell filters towards the 

chemoattractant SCF. As seen in Figure 13C, fes
-/-

 control cells displayed significantly 

reduced migration on both full-length and 9-11 FN in comparison to WT control cells. 

Analysis of the Fes rescue cells revealed that reintroduction of Fes in fes-/- BMMCs 

restored this observed defect in migration on both matrices (Figure 13C), interestingly 

above and beyond the levels of WT control cells on 9-11 FN, providing additional 

evidence that Fes plays a pro-migratory role in Kit and α5β1 integrin signaling pathways. 

This fits with the previous results indicating a role for Fes in promoting SCF- and α5β1 

integrin-induced cell polarization and sustained p38 MAPK signaling, which are both 

important  for  the  process  of migration. In addition, Fer has also been shown to promote  
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Figure 13. Fes expression rescues defects in cell spreading, polarization and 

migration of fes
-/-

 BMMCs. 

A. and B. Transduced BMMCs were starved and plated on coverslips coated with either 

full-length or 9-11 FN with SCF (20 ng/ml). After 15 and 45 minutes, cells were fixed 
and stained with phalloidin for further analysis. A. Relative cell size (mean ± SEM for 2 

experiments) of spread cells at 15 minutes. Representative images of cells under each 

condition are shown to the right. B. Percentages (mean ± SD for 2 experiments) of 

polarized cells at 45 minutes. Representative images of polarized and round cells are 

shown to the right, with an arrow indicating the direction of cell movement. C. 

Transduced BMMCs were starved and placed in Transwell inserts with the undersides of 

filters coated with either full-length or 9-11 FN. Their migration towards the lower 

chambers containing SCF (10 ng/ml) was measured (mean ± SD for 3 experiments). 

Asterisks indicate a significant difference (p<0.05) using the student’s T test. 
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SCF-mediated migration of mast cells (14), again indicating that Fes and Fer likely have 

partially redundant functions in regulating mast cell activation and migration. 
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Chapter 4 

Discussion 

4.1 Novel evidence of a role for Fes in mast cell migration 

In this study, it is shown that Fes regulates SCF-induced remodeling of the 

cytoskeleton to promote mast cell polarization and migration through signaling to p38 

MAPK. Activated p38 transmits signals to a number of proteins involved in actin 

reorganization (39), and has been reported to promote Kit-mediated cell migration (111). 

Erk MAPK signaling has also been implicated in Kit-induced migration (111); however, 

defects in Erk activation in fes
-/-

 BMMCs have not been detected. This suggests that Fes 

regulates SCF-induced mast cell migration via the p38 MAPK signaling pathway only. 

The results presented in this thesis for Fes kinase are consistent with a previous study 

implicating Fer kinase in promoting sustained p38 MAPK activation and migration of 

BMMCs (14). In both cases, Fes and Fer are unlikely to directly regulate p38 

phosphorylation, but may activate upstream regulators. Given that Fes and Fer appear to 

act somewhat redundantly to promote maximal p38 activation and mast cell migration, 

these experiments could be repeated with compound Fes-deficient and kinase-dead Fer 

(fes
-/-
fer

DR/DR
) BMMCs, in which more profound defects in p38 phosphorylation and cell 

motility would be predicted. Examination of p38 activation in Fes-null BMMCs with 

restored expression of WT and domain-mutated forms of Fes would lend additional 

insight into the potential molecular mechanisms by which Fes regulates the p38 pathway.  

Fes has been reported to promote epithelial cell migration through its association 

with ezrin and localization to focal adhesions (71). An interaction between Fes and ezrin 
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in mast cells was not detected (data not shown); however, a role for Fes in the regulation 

of Kit signaling to β1 integrins was observed. Previous research has found that Kit 

activation promotes both α4β1- and α5β1-directed mast cell migration, but focused 

primarily on crosstalk between Kit and α4β1, finding that PI3K and Rac are necessary for 

this crosstalk to occur (106). This study has revealed novel information regarding 

crosstalk between the Kit receptor and α5β1 integrins. Although the exact mechanism of 

crosstalk is unclear, it is apparent that Fes is involved, possibly via signaling to HS1 and 

HEF-1, which will be discussed in detail below. Since defects in fes
-/-

 cells were observed 

on full-length FN and Kit also promotes migration through signaling to α4β1, it would be 

relevant to carry out these studies with the α4β1 ligand CS-1 FN to determine if Fes also 

plays a role in crosstalk between Kit and α4β1 integrins.  

4.2 Fes substrates that function in cell motility 

Based on the results presented here, it could be postulated that Fes induces p38 

activation via the HS1/Vav1/Rac signaling axis. Preliminary experiments indicate that the 

cortactin homologue HS1 is a substrate of Fes in the Kit pathway. Therefore, Fes may 

contribute to cytoskeletal reorganization and migration through phosphorylation of HS1, 

which promotes its translocation to the plasma membrane. Here it binds both filamentous 

actin (F-actin) and Arp2/3 in order to stimulate actin polymerization and branching (9, 

112). HS1 has also been described as a substrate of both Fes and Fer in the FcεRI 

signaling pathway in mast cells (68), suggesting that Fes, and likely Fer, regulate 

cytoskeletal reorganization via signaling to HS1 downstream of both Kit and FcεRI. This 

is further supported by a proteomics study that revealed that inhibition of oncogenic Kit 
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signaling in HMC-1 cells led to a similar kinetic profile of decreasing Fes and HS1 

phosphorylation (81).  

HS1 contains two tyrosine residues near the C-terminal end (Y378 and Y397) that 

serve to recruit Vav1 (30). Fes and Fer have been shown to contribute to phosphorylation 

of these residues downstream of FcεRI in vitro (68), and it is likely that the same is true 

in the Kit pathway. Along these lines, a role for Fes in Vav1 recruitment to HS1 

following Kit activation was observed. Since Vav1 is a GEF for Rac (42), it is likely that 

Fes phosphorylation of HS1 and subsequent recruitment of Vav1 promotes Rac activation 

and cytoskeletal reorganization.  

As these results are preliminary, further studies must be carried out in order to 

validate these findings and flesh out more details. To expand on this, it would be 

important to determine if Fes phosphorylates these two HS1 tyrosine residues in the Kit 

pathway in vivo, and to compare Vav1 phosphorylation in WT and fes
-/-

 BMMCs. Since 

Fes has been reported to interact with HS1 via its SH2 domain in FcεRI signaling (68), 

this interaction could also be tested in the Kit pathway, and it could be examined whether 

Fes SH2 domain mutations disrupt HS1 interaction and phosphorylation in BMMCs. 

Further investigation of Rac activation in fes
-/-

 BMMCs would be expected to reveal 

defects as well, since Rac signals downstream of Vav1 and upstream of p38 (5, 39). 

Previous studies of Fes substrates have identified Breakpoint Cluster Region 

(BCR) (64), a dual function serine/threonine kinase and GTPase-activating protein (GAP) 

for Rac and Cdc42. It was also reported that the Fes SH2 and N-terminal domains interact 
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with BCR, and that BCR may act as a positive regulator of Fes activity (64). Interestingly, 

BCR-null mice are more sensitive to endotoxin (114), and this phenotype is also found in 

Fes-null mice (129). Neutrophils from BCR-null mice displayed increased translocation 

of Rac to the plasma membrane and respiratory burst compared to WT neutrophils (114). 

At present, no studies have reported whether any defects in Fes-null mice are due to 

effects on the regulation of Rac activity via BCR. In fact, no studies investigating a role 

for BCR in mast cells have been reported. In the future, it would be an interesting avenue 

to pursue in order to determine what, if any, role BCR plays in Kit signaling in mast cells.  

A negative regulatory role for Fes in Kit- and α5β1-mediated cell adhesion and 

spreading has also been observed. Fer kinase has been reported to inhibit SCF-induced 

mast cell adhesion to FN as well (14), suggesting a redundant function for Fes and Fer in 

Kit-mediated adhesion. A constitutive interaction between the Fes SH2 domain and the 

scaffolding adaptor protein HEF-1/CasL was detected. This Cas family member localizes 

to focal adhesions through FAK-mediated interaction with the β1 subunit of integrins and 

contains a number of phosphorylation sites within its substrate domain that serve to 

recruit signaling proteins which promote cell spreading and membrane ruffling (18, 57, 

75). It could be proposed that SCF stimulation leads to crosstalk between Kit and β1 

integrins allowing HEF-1-bound Fes to become activated and exert its effects. Fes could 

directly phosphorylate HEF-1, as has been reported with the closely related p130 Cas 

(49), allowing for recruitment of a negative regulator of cell adhesion and spreading. 

Alternatively, Fes could phosphorylate and regulate a protein within the HEF-1 

scaffolding complex at focal adhesions, such as one that is responsible for focal adhesion 
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disassembly. A study of the FGFR signaling pathway revealed a role for Fes in the 

activation of both FAK and Src, which was found to be critical for the association of Src 

with p130 Cas, disassembly of focal adhesions and cell migration (50, 51). Perhaps Fes 

acts in a similar manner in the Kit pathway with HEF-1. HEF-1 also interacts with C3G, 

a GEF for Rap1A and Jnk (48); further studies could compare the activation of these two 

proteins between WT and fes
-/-

 BMMCs to determine the downstream effects of Fes 

signaling from HEF-1. At present, it cannot be ruled out that the surface expression of 

α5β1 integrins may be upregulated in the absence of Fes, which could contribute to 

increased adhesion. However, this interaction between Fes and HEF-1 links Fes to 

cytoskeletal structures in mast cells that mediate adhesion and spreading, and further 

examination of this interaction is necessary to determine what role Fes may be playing at 

focal adhesions. 

4.3 Potential activation mechanism for Fes in mast cells 

While Fes has previously been described in the Kit pathway (14, 93), the 

mechanism of activation was unclear. This study has provided insight into SCF-induced 

Fes activation in mast cells. Upon Kit activation, the SH2 domain of Fes rapidly binds to 

the phosphorylated receptor. This could directly contribute to Fes activation by inducing 

a conformational change that activates the kinase domain, as suggested by a recent report 

on the positive cooperation between the SH2 and kinase domains of Fes (21). In addition, 

recruitment of Fes to Kit may bring Fes in close proximity to Fyn at the JMD tyrosine 

residues of Kit, thus allowing Fyn to contribute to Fes phosphorylation and activation. It 

would be interesting to carry out further studies with Y-to-F Kit mutants to determine the 
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exact docking site within the intracellular domain of Kit that is responsible for Fes 

recruitment. Fyn’s role in the activation of Fes is also consistent with the results 

implicating Fes in the regulation of Kit-mediated migration, as the Y568 SFK binding 

site within Kit has been shown to be required for cell migration (111).  

In addition to the interaction with the Kit receptor, a number of phosphorylated 

proteins were pulled down with the Fes SH2 domain, which may also contribute to the 

activation of Fes. Based on the tyrosine phosphorylation profile in Figure 6A, potential 

candidates include BCR (130 kDa), HS1 (75 kDa), Shp1 (65 kDa), Shp2 (72 kDa), Fyn 

(59 kDa) and Lyn (55 kDa). To further understand Kit-mediated Fes signaling, it would 

be imperative to identify other interacting proteins through Fes SH2 domain pull-downs 

and immunoblotting with specific antibodies against putative SH2 domain ligands.  

4.4 Potential role for Fes as a negative regulator of Kit signaling via Shp1 

Another interesting finding was that phosphorylation of the Kit receptor was 

increased in fes-/- BMMCs. This suggests that Fes may be responsible for regulating a 

phosphatase that dephosphorylates the Kit receptor. Along these lines, a phosphorylated 

protein of approximately 65 kDa (pp65) was detected in Fes-deficient lysates that did not 

appear in WT cells. A possible candidate for pp65 is the PTP Shp1, a known component 

of the Kit pathway responsible for negative regulation via receptor dephosphorylation 

(55). The closely related Shp2 PTP has been reported to rapidly autodephosphorylate (20, 

54), and it is likely that the same occurs with Shp1 since another study found that 

inactivation of Shp1 was necessary in order to detect high levels of Shp1 phosphorylation 
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(23). Therefore, increased phosphorylation of Shp1 would suggest reduced phosphatase 

activity, and would correlate with increased phosphorylation of the Kit receptor. 

Similarly, Fer kinase has been reported to regulate the phosphatases PTP1B and Shp2 at 

cadherin complexes (58, 119).  

It would be interesting to determine whether the identity of pp65 is in fact Shp1, 

and also to investigate the mechanism by which Fes might regulate Shp1 activity. It is 

plausible that Fes either directly or indirectly activates Shp1, allowing for 

dephosphorylation of the Kit receptor as well as Shp1 autodephosphorylation. Comparing 

the phosphorylation status of Shp1 in WT and fes
-/-

 BMMCs could determine if Fes plays 

a regulatory role in Shp1 activity. Fes has also been shown to phosphorylate platelet-

endothelial cell adhesion molecule 1 (Pecam-1) downstream of FcεRI, leading to the 

recruitment of Shp1 and Shp2 (110). Fes may also play a role in recruiting Shp1 to 

Pecam-1 following SCF stimulation, allowing for Shp1 activation and regulation of Kit 

signaling. Interestingly, it has been reported that Shp1 is degraded following its 

ubiquitylation downstream of oncogenic Kit signaling (82), demonstrating its importance 

in turning off Kit signaling. Homozygous mutations in both the Kit and Shp1 alleles (W 

and me, respectively) can offset the phenotypes that are observed with single locus 

mutations (80), also indicating the essential balance that exists between Kit and Shp1 

signaling. Although Kit phosphorylation is increased in fes
-/-

 BMMCs, this does not 

appear to contribute to enhanced p38 activation, indicating that Fes may play an 

important role in this pathway.  
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Given the potential involvement of F-BAR-containing adaptor proteins and 

kinases in receptor endocytosis (13, 68, 79), it would also be interesting to investigate 

SCF-induced internalization of Kit in Fes-null BMMCs, and whether this contributes to 

altered Kit tyrosine phosphorylation or downstream signaling.  

4.5 Fes signaling in the oncogenic Kit pathway 

An interaction between the Fes SH2 domain and both WT Kit and Kit
V560G/D816V

 

in HMC-1 cells was observed. This suggests an interaction between Fes and the mutant 

Kit receptor and potential regulation of oncogenic Kit signaling by Fes. This is consistent 

with previous evidence that Fes signals in the Kit
D816V

 pathway to promote proliferation 

(113). However, due to the presence of one WT Kit allele in HMC-1 cells, it would be 

worthwhile to investigate Fes SH2 domain binding partners in cells homozygous for 

Kit
D816V

. It has been reported that Fes negatively regulates STAT1/3/5, and positively 

regulates p70 S6 kinase downstream of Kit
D816V

 (113); examination of the 

phosphorylation states of these proteins in WT and fes
-/-

 BMMCs could provide 

information regarding a role of Fes in their regulation downstream of WT Kit in this cell 

system. Since research has shown a critical role for Fes in the oncogenic Kit pathway 

(113), further examination of Fes regulation and function in both WT and oncogenic Kit 

signaling will be crucial to determine its suitability as a therapeutic target for the 

treatment of mast cell neoplasms.  
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4.6 Summary and significance 

Here, a model is proposed for Fes in the Kit pathway in mast cells (Figure 14). Kit 

activation results in autophosphorylation and recruitment of the SFK Fyn. Fes is also 

recruited to Kit via its SH2 domain and to PI4,5P2 in the plasma membrane via its F-BAR 

domain. This puts Fes in proximity to Fyn, which phosphorylates and activates Fes. 

Through its SH2 domain interaction with HEF-1 at α5β1 integrins, Fes negatively 

regulates cell adhesion and spreading, and enables cell migration. Fes also 

phosphorylates HS1, promoting its translocation to the plasma membrane, where it binds 

the actin cytoskeleton and induces F-actin polymerization. Phosphorylated HS1 recruits 

the GEF Vav1, which leads to Rac activation and p38 MAPK signaling. These combined 

signaling events promote the polarization and migration of mast cells via α5β1 integrins.  

In conclusion, this study has provided novel insight into the role of Fes in Kit and 

α5β1 integrin signaling; however, there are more details to be solved in order to fully 

elucidate the function of Fes in mast cell migration. Determining the cellular localization 

of activated Fes would give further insight into the function of Fes downstream of the Kit 

receptor. Given the data presented here, it would be logical to examine Fes localization 

with respect to migratory structures, such as focal adhesions and microtubules. Since Fes 

is known to signal in the oncogenic pathway and a role for Fes in mast cell migration has 

been determined, this indicates that Fes may be a good target for the treatment of mast 

cell neoplasms to inhibit aberrant migration of cancerous mast cells, as well as 

proliferation as noted by Voisset et al. (113). It has also been reported that mast cells 

migrate to tumour sites and potentiate inflammation and tumour growth through  SCF/Kit  
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Figure 14. Proposed model for Kit-mediated Fes activation and its role in mast cell 

migration. 

Following Kit activation, Fes is recruited to the phosphorylated receptor through its SH2 

domain. Here, it becomes phosphorylated and activated via Fyn kinase. Fes plays a 

negative regulatory role in HEF-1/CasL-mediated cell adhesion and spreading at α5β1 

integrins. Fes also promotes cytoskeletal reorganization and migration of mast cells via 

phosphorylation of HS1, which sets off a signaling cascade leading to p38 MAPK 

activation. PIP2 refers to PI4,5P2, a known ligand of the Fes SH2 domain (68). 
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signaling (44), further suggesting that targeting Fes could inhibit mast cell accumulation  

within tumours and thus prevent the progression of cancer. Since these studies were 

carried out with mouse models, the next logical step would be to study Fes in both 

normal human mast cells and mast cell leukemia cell models, as the ultimate goal of this 

research is to find a treatment for human disease. Nonetheless, this study has provided a 

good stepping stone to build upon in future research.  
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Appendix A 

Fes Activation Downstream of the Kit Receptor Requires the SFK Fyn 

 

A

B

A

B

 

 

Figure S1. SCF/Kit-mediated activation of Fes requires Fyn kinase. 

BMMCs were starved and stimulated with SCF (50 ng/ml) for the indicated times. A. 

Immunoprecipitation of Fes/Fer was carried out with WT and fesK588R/K588RferD743R/D743R 

BMMCs that lack Fes and Fer kinase activity (96). The phosphorylation status of Fes 

was determined by immunoblotting with anti-phosphotyrosine and anti-Fes/Fer. B. fyn-/- 

BMMCs were infected with control (MSCV) and rescue (MSCV-Fyn) retrovirus, and 

transduced cells were selected for with puromycin as described in Section 2.10. WT, 

fyn
-/-

, control and rescue BMMCs were used to immunoprecipitate Fes/Fer and 

immunoblotting with anti-phosphotyrosine and anti-Fes/Fer was carried out to 

determine the phosphorylation status of Fes. The positions of Fes and Fer are indicated 

on the left. 


