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The human c-fes locus encodes a non-receptor tyrosine kinase (c-Fes) that is structurally 

and functionally unique. Originally, c-fes was isolated as the normal cellular homolog of 

sarcoma-inducing avian and feline retroviruses. However, unlike its viral oncoprotein 

counterparts that display constitutive tyrosine kinase activity, c-Fes exhibits restrained activity 

that is regulated by an undefined mechanism. Adding to its unique nature, recent studies have 

implicated c-Fes as a colorectal cancer-associated tumor suppressor despite its status as a proto-

oncogene and tyrosine kinase.  

Previous work from our group has demonstrated that c-Fes forms high molecular weight 

oligomers in vitro, suggesting that c-Fes catalytic activity is governed by the interconversion of 

c-Fes between inactive monomeric and active oligomeric forms. However, this model was based 

largely on in vitro data and has not been assessed in living cells. To assess the involvement of 

oligomerization in regulating c-Fes activity in vivo, I employed a yellow fluorescence protein 

(YFP)-based bimolecular fluorescence complementation (BiFC) assay. Using BiFC, I 

demonstrated for the first time that c-Fes forms constitutive oligomers in vivo, regardless of its 

activation status. In addition, I determined that both coiled-coil domains mediate the 

oligomerization of c-Fes. Moreover, I established that c-Fes forms coiled-coil dependent 

oligomers in physiologically relevant cellular contexts, suggesting a new model for c-Fes 
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regulation where conformational changes rather than oligomerization govern c-Fes kinase 

activity in cells. 

In colorectal cancers, loss of c-Fes expression is a common occurrence. This is not 

unusual, as tumorigenesis proceeds as oncogenes are activated and tumor suppressors are 

inactivated. To date, however, the mechanism responsible for c-fes gene repression has not been 

characterized. Upon determining that the absence of c-fes gene transcription was common among 

colorectal cancer cell lines, I used methylation inhibitor, bisulfite sequencing, and in vitro 

methylation analyses to establish that promoter methylation governs Fes gene and protein 

expression in colorectal cancers. Preliminary studies also suggest that promoter methylation 

governs c-Fes expression in human colon cancer surgical specimens. Taken together, the studies 

outlined in this thesis advance the field of c-Fes research by defining previously unknown 

regulatory mechanisms of both kinase activity and gene expression.  
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1.0  INTRODUCTION 

1.1 CHARACTERIZATION OF THE C-FES TYROSINE KINASE 

The human c-fes locus (15.q26.1) encodes the 93 kDa c-Fes non-receptor protein-tyrosine 

kinase (1-4). Only one other protein is part of the c-Fes subfamily of non-receptor tyrosine 

kinases, the ubiquitously expressed Fer tyrosine kinase (5). Initially, fes was isolated as a 

transforming oncogene from avian [v-fps: Fujinami sarcoma virus (FSV); the PRC viruses 

(PRCIV, PRCIIp, PRCII); URI virus; and 16L virus] and feline [v-fes: Gardner-Arnstein (GA); 

Snyder-Theilen (ST); and Hardy-Zuckerman 1 (HZ1)] sarcoma retroviruses (6-11). However, 

unlike these transforming v-Fps and v-Fes viral counterparts that exhibit constitutive protein-

tyrosine kinase activity [reviewed in (12,13)], the human c-Fes non-receptor protein kinase is 

non-transforming and exhibits restrained tyrosine kinase activity (14-17). Structurally, v-Fps and 

v-Fes consist of an amino-terminal viral gag sequence fused to either normal cellular Fps or Fes-

derived sequences (Figure 1) (18-23). The structural motifs of c-Fes are detailed in Section 1.1.2. 
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CC1 CC2 SH2 KinaseFCH

c-Fes, c-Fps, Fer

v-Fps (Fujinami avian sarcoma virus)

CC1 CC2 SH2 KinaseFCHGAG

v-Fes (Gardner-Arnstein feline sarcoma virus)

CC1 SH2 KinaseFCHGAG

v-Fes (Snyder-Theilen feline sarcoma virus)

CC2 SH2 KinaseFCHGAG

F-BAR

 

 

Figure 1: Structural Diagrams of c-Fes and Representative Avian and Feline Viral 

Homologs. 

c-Fes is composed of an amino-terminal F-BAR domain [a Fes/Fer/CIP4 (FCH) domain and a 

coiled-coil (CC1) domain], a second coiled-coil (CC2) domain, a central Src-homology 2 (SH2) 

domain, and a carboxyl-terminal tyrosine kinase domain. Viral oncoprotein homologs of c-Fes 

(v-Fps and v-Fes) are the result of viral gag sequences being fused to sequences derived from the 

normal c-Fps or c-Fes proteins. 
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1.1.1 Characterization of the c-fes Gene 

More than twenty-six years ago, various groups independently identified a single 13.2 kb 

human gene (named c-fes) with significant sequence homology to the ST and GA v-fes 

transforming retroviral oncogenes (24-26). Upon sequencing the entire c-fes gene in 1985, 

Roebroek and colleagues organized c-fes into 19 exons (the first of which is non-coding), 

identified a poly(A) addition signal 200 bp downstream of the TGA termination codon in exon 

19, and located a translation initiation sequence in exon 2 (Figure 2)  (4).  

 

1 2 3 4 5 6 7 8 9 10 11 1213 14 1516 17 18 19

2 kb

c-fes

* **

 

 

Figure 2: Organization of c-fes Gene 

The 13.2 kb human c-fes gene (chromosome 15.q26.1) is organized into 19 exons. Exon 1 (gray), 

the site of c-fes transcription initiation (indicated by the arrow) is noncoding. Exon 2 (red) 

harbors the translational start site (*) of c-Fes and encodes the FCH domain. Exons 4 and 5 

(green) code for the first coiled-coil (CC1) domain. Exon 8 (sea green) encodes the second 

coiled-coil (CC2) domain. Exons 11 and 12 (bright green) encode the SH2 domain. Exons 13-19 

(light green) encode the kinase domain. The translation termination codon and poly(A) addition 

signals (**) are found in exon 19. 
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Strikingly compact, the c-fes locus is a self-contained genetic element that harbors all 

transcription regulatory and tissue-expression specific controls in only 446 bp and 1.54 kb of 5’- 

and 3’-flanking sequences, respectively (27-29). The sequence of the c-fes promoter is described 

in Figure 3. Two major transcription initiation sites are found within the c-fes promoter 

(bold/italicized), both of which are 72-83 bp upstream of the 3’ boundary of exon 1 (uppercase) 

defined by Roebroek and colleagues (30,31). The presence of multiple initiation sites is not 

uncommon as the c-fes promoter does not contain either TATA box or initiator (Inr) sequences 

(32,33). Defining the first initiation site as +1,  the entire c-fes promoter is -425/+91 and the 

critical core of the c-fes promoter is -131/+91 (29,30).  

Regulation of c-fes expression in myeloid cells has been well characterized, and various 

transcription factors recognize sequences within the robustly active c-fes core promoter including 

the ubiquitously expressed transcription factor Sp1, the hematopoietic cell-specific factor 

PU.1/Spi-1, and a c-fes expression factor (FEF) that is not present in human epithelial cells 

(29,34,35). In total, three Sp1 (5’-CCGCCC-3’), two PU.1/Spi-1 (5’-AGGAA-3’), and one FEF 

(5’-GAATCA-3’) recognition sequences are found within the core promoter (Figure 3: boxed). 

Reporter gene expression assays have revealed the critical nature of the PU.1/Spi-1 and FEF 

sites, as mutation of their respective recognition sequences greatly decreases the activity of the c-

fes promoter (29,34). The chicken lysozyme locus is the only other known gene whose 

expression is regulated by FEF. 
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-426 gaattccgtgaggtggggagggctgggaccagggttccctctttctcttc
-376 tgcggtggccctggcctggtgctaggactgcgcgcctcccctcagtaccc
-326 gcggacaccctgggcttccctgggcccagcatctgcctggggcctcgcct
-276 gggctccccctcctgacccccaccttgcgccccttcccggtgttcccggg
-226 gcgctgccgggccctggggcctgcggggcgcgggcggctcttggctgggc
-176 cattctttcccggccccctcctcccttccgtttccgtggccgtgcggccg
-126 gctagaggctgcggcccagcgcggagcaggggggctggcaggcgtcggga
-76 cggtcgggccggtcccgcccgccccttcccctccacaggcccgccccggg
-26 gcctgggccaactgaaaccgcgggagGAGGAAGCGCGGAATCAGGAACTG
+25 GCCGGGGTCCGCACCGGGCCTGAGTCGGTCCGAGGCCGTCCCAGGAGCAG
+74 CTGCCCGTGCGGgtacctctagccccggggcctggaggagcggtgggagc

+124 tgggggcgcggcaggcaggggcagagcaggcgttccgagggccagagacc
+174 cacccaggtcggggtaggggccgcggaagggcggggatggccgcaggggc
+224 agggctcaggctgtgggcgcctgaggcttcagctggggcaggcttggcct
+274 gtcgaggacctgggcaagggtgtccctgtaaggggtggtgggtggaaggg
+324 cctggggagggaggctccaggttggctcctgttcccgaacgtgcggagga
+374 gaccctgacgctaaggaagcaatgagggccagtccccaggccaggctgct
+424 gctgggtacccatggctgcgtgtgagcgaggcaggaccccacctcctccc
+474 cgtctgcagtccatcctgaccctacagtccccagtctcctcgtcccatgc
+524 ctccgtctccagctgctgccttgcctccagggatggccccttttctgtcc
+574 ccagAACAGCACTATGGG..  

 

Figure 3: Features of the c-fes Promoter and Intron 1 

The c-fes promoter and intron 1 extend -426 to +577 relative to the first transcription initiation 

site and contain all transcription regulatory units for c-fes expression. Binding sites for the Sp1 

(5’-CCGCCC-3’), Spi-1/Pu.1 (5’-AGGAA-3’), and Fes Expression Factor (FEF:                       

5’-GAATCA- 3’) transcription factors (boxed) are located within the critical core of the c-fes 

promoter (-131 to +91). Exon 1 (+1 to +85: uppercase) harbors two transcription initiation 

sequences (+1 and +11: bold/italicized). Intron 1 (+86 to +577: lower case) contains an 

orientation specific negative regulatory region (underlined). Exon 2 (uppercase) begins at base 

+578 and contains the c-Fes translational start site (+587: uppercase/bold/italicized).  
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In addition to the positive regulatory elements found in the core c-fes promoter, a region 

associated with negative regulation of c-fes transcription is found in intron 1 (Figure 3: 

underlined) (30). He and colleagues used DNA footprinting analyses of K-562 myeloid cell 

nuclear extracts to determine that the sequence +441/+454 (5’-TGCGTGTGAGCGAG-3’) 

inhibits the activity of the c-fes promoter nearly 50% in an orientation specific manner (30). This 

region shares sequence homology with negative regulatory regions found in the LD87α and IL-3 

cytokine genes (30). The c-Fes translation start site (+587) (Figure 3: uppercase/bold/italicized) 

is located 3’ to the negative regulatory region in exon 2. 

1.1.2 c-Fes Structure 

Structurally, the 822 amino acid c-Fes protein consists of amino-terminal Fes/Fer/CIP4 

homology (FCH) domain followed by two coiled-coiled (CC) motifs, a central Src-homology 2 

(SH2) domain, and a carboxyl-terminal tyrosine kinase domain (Figure 1). Together, the FCH 

and the first CC motif define an F-BAR domain, a structural region found in at least 21 human 

genes. c-Fes, along with Fer, constitute one of six F-BAR protein classes (36). Proteins harboring 

an F-BAR domain are considered to be multi-functional adapters at the membrane-cytosol 

interface that are involved in cellular processes including endocytosis, exocytosis, and motility 

(36,37). In contrast to other non-receptor tyrosine kinases family members such as Src, Abl, 

Tec/Btk, and Syk/Zap70, Fes does not possess an SH3 domain, a pleckstrin homology (PH) 

domain, or a negative regulatory tail tyrosine residue (12,13).  
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1.1.2.1 FCH Domain 

FCH domain containing proteins have been implicated in a variety of cellular responses 

including cytoskeletal rearrangement, vesicular transport, and endocytosis [reviewed in (12)]. 

Originally described as a region of homology between Fes, Fer, and the Cdc42-interacting 

protein (CIP4) (38), two related roles have been proposed for the c-Fes FCH domain in the 

modulation of microtubule dynamics. Takahashi and colleagues found that murine Fes co-

localized with microtubule nucleation sites in an FCH domain dependent manner as deletion of 

the FCH domain abrogated normal microtubule nucleation and centrosome formation events in 

COS-7 cells (39). This group also determined that re-expression of Fes in Fes-deficient mouse 

embryonic fibroblasts restored normal microtubule centrosome formation. A subsequent study 

by Laurent and colleagues suggested that the FCH domain was dispensable for the interaction of 

human c-Fes with the microtubule network in vivo and instead mediated the associated of c-Fes 

with soluble unpolymerized tubulin (40). Similar to c-Fes, CIP4 interacts with microtubules 

through its FCH domain, and this interaction potentially facilitates the association of the 

Wiskott-Aldrich Syndrome Protein (WASP) with microtubules and sites of substrate adhesion in 

hematopoietic cells (41). 

1.1.2.2 CC Domains 

Located immediately downstream of the c-Fes FCH domain are two coiled-coil 

oligomerization motifs. Coiled-coils consist of two to five parallel or antiparallel amphipathic α-

helices that are wound into super helical bundles (42,43). These α-helices exhibit a heptad repeat 

pattern in the chemical nature of their sidechains as the first and fourth residues of the heptad 

repeat form the hydrophobic interface of the superhelix, whereas the remaining residues form the 
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hydrophilic or solvent-exposed region (43). This arrangement is referred to as “knobs-into-holes” 

since one helical sidechain packs into a space surrounded by four sidechains of the facing helix 

(43).  

Coiled-coils are implicated in a broad array of biological functions including protein 

oligomerization, structural formations, scaffolding, and binding to non-native proteins (44). Read 

and colleagues were the first group to suggest the presence of coiled-coils domains within the c-

Fes protein (45). Using the COILS algorithm, which measures the probability of an amino acid 

and its surrounding sequencing of forming a coiled-coil amphipathic α-helix (46), two regions 

were identified within the unique amino-terminus of c-Fes that exhibited strong homology to 

coiled-coil domains (45). This study went on to implicate the amino-terminus, and in extension 

the coiled-coil motifs, as the mediator of c-Fes oligomerization. While deletion of the unique 

amino-terminus abolished Fes oligomerization, deletion of the SH2 and kinase domains failed to 

alter the oligomeric profile of c-Fes (45). Gel filtration analyses of clarified cellular lysates 

expressing full-length recombinant c-Fes demonstrated that active c-Fes was exclusively 

oligomeric and could form high molecular weight structures up to a pentamer. 

  In addition to mediating c-Fes oligomerization, the coiled-coil domains also contribute 

to the regulation of c-Fes catalytic activity (14,47,48). Through deletion, insertion, and point 

mutation analyses, the first coiled-coil domain (CC1) has been defined as a negative regulator of 

c-Fes kinase activity in vivo, whereas the CC2 domain has been implicated in substrate 

recruitment. An in depth analysis into how the coiled-coil domains contribute to c-Fes activation 

is found in Section 1.1.3. 
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1.1.2.3 SH2 Domain 

Located in the central region of c-Fes is an SH2 domain. SH2 domains are compact 

protein modules that mediate protein-protein interactions within tyrosine kinase signaling 

pathways (49-51). Conserved among most non-receptor protein-tyrosine kinases, SH2 domains 

contact target proteins through two binding surfaces, conceptually similar to the engagement of a 

two-pronged plug with an electrical socket (52). The first surface involves a deep pocket lined 

with basic residues to accommodate the phosphotyrosine residue. This pocket contains an 

invariant arginine residue (Arg-483 in c-Fes) that forms hydrogen bonds with the phosphate 

oxygens of the phosphotyrosine residue. The second binding surface contacts the three to six 

amino acids immediately following the phosphotyrosine residue to confer optimal substrate 

binding. As recognition sequences overlap, substrate selection also depends on localized protein 

concentration as well as other domains within the interacting proteins (49). For example, the SH2 

domain of c-Fes exhibits high affinity for the sequence YPEXV/I (53). Among SH2 domain 

containing proteins, the v-Fps SH2 domain was the first to be characterized and contributes to 

both kinase regulation and substrate selectivity (54,55).  

1.1.2.4 Tyrosine Kinase Domain 

Immediately carboxyl-terminal to the SH2 domain is the tyrosine kinase domain of c-Fes. 

The bilobate tyrosine kinase domain catalyzes the transfer of a phosphate to a target tyrosine 

residue (56). The small lobe of the kinase domain binds ATP molecules, the large lobe binds 

substrate molecules by interacting with residues flanking the tyrosine target, and catalysis of the 

phosphate transfer occurs in the cleft between the two lobes. For c-Fes, the optimal substrate 

sequence correlates well with the optimal SH2 domain binding sequence (57). 
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 c-Fes autophosphorylation occurs via an intermolecular mechanism (58). Two consensus 

autophosphorylation sites are located at Tyr-713 and Tyr-811 (17,58,59). Tyr-713, the major site 

of autophosphorylation, is critical for kinase activity as a Y713F point mutation reduces the 

kinase activity of c-Fes by more than 90% (59,60). While Tyr-713 primarily regulates kinase 

activity, Tyr-811 may function as a docking site for SH2 domain containing proteins as the 

sequence immediately carboxyl-terminal to Tyr-811 partially matches ten predicted SH2 binding 

motifs (58). Together, each c-Fes structural domain contributes to substrate selectivity and 

regulation of kinase activity. 

1.1.3 Catalytic Regulation of c-Fes 

c-Fes naturally adopts an inactive conformation, and various studies support the 

conclusion that c-Fes activity is strictly regulated in living cells. Foster et al. determined an avian 

variant of c-Fes (c-Fps) failed to induce the transformation of chicken embryo fibroblasts, as 

measured by focus forming and growth assays (61). Only when c-Fps was activated via mutation 

or fusion to a viral gag sequence did transformation occur. Also, when ectopically expressed in 

rodent fibroblasts, c-Fes exhibits restrained protein tyrosine kinase activity and fails to induce 

transformation. However, as with the avian system described above, ectopic over-expression of 

activated Fes induces tissue hyperplasia and morphological tumorigenic transformation in rodent 

fibroblasts (14-17). The question remains as to what governs the catalytic activation of c-Fes in 

cells. 

In vitro analyses have suggested a regulatory model in which the coiled-coil 

oligomerization motifs control the interconversion of c-Fes between inactive monomeric and 

active oligomeric configurations (Figure 4) (14,45,47). In this model, CC1 interacts 
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intramolecularly with CC2 to hold c-Fes in an inactive monomeric conformation. When the 

negative regulation imparted by the CC1 domain is released, c-Fes oligomerizes through its CC2 

domain, inducing autophosphorylation and activation. However, this model is largely based on in 

vitro studies including gel filtration analyses of the inclusive coiled-coil domains that exclude 

potential regulatory mechanisms imparted by the SH2 and kinase domains. Further, the inclusive 

CC1 + CC2 region eluted as a mixture of monomeric and oligomeric forms suggesting the 

possibility that wild-type c-Fes may exist as a constitutive oligomer (14).  

 

Inactive Monomer

Active Oligomer
P

P

Autophosphorylation
SH2 KinaseCC1 CC2

SH2 KinaseCC1 CC2

FCH

FCH

CC1

CC2 SH2 Kinase

FCH

 

 

Figure 4: Model for the Regulation of c-Fes Catalytic Activity 

A model for the regulation of c-Fes kinase activity, based largely on in vitro evidence, is as 

follows. When c-Fes is inactive, CC1 interacts intramolecularly with CC2, holding c-Fes as a 

monomer. Upon release of the negative regulation imparted by CC1, c-Fes oligomerizes through 
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its CC2 domain, inducing autophosphorylation and activation. A dimer is shown for simplicity; 

however, c-Fes can form higher order structures up to a pentamer. 

 

 

In addition to the coiled-coil domains, the central SH2 domain also modulates c-Fes 

kinase activity. Substitution of the SH2 domain results in either upregulation (v-Src SH2 domain 

substitution) or downregulation (Gap SH2 domain substitution) of c-Fes kinase activity (17,48). 

Also, c-Fes has been shown to bind directly to its own SH2 domain (59), and this interaction is 

mediated at least in part by the kinase domain (T. Smithgall, unpublished results). In addition, 

early studies involving a viral counterpart of c-Fes (v-Fps) suggest that the SH2 domain interacts 

in cis with the kinase domain to form the active kinase conformation (13). Mild proteolysis of v-

Fps released a stable globular fragment containing the SH2 and kinase domains, consistent with 

the idea that SH2-kinase domain interaction is essential for full kinase activity (62,63).  

Most recently, the inclusive c-Fes SH2-kinase region X-ray crystal structure was solved 

revealing that the SH2 domain contacts the amino-terminal lobe of the kinase domain at multiple 

locations, including the critical αC helix involved in conformational regulation of the active site 

(64) (Figure 5A). Upon mutation of key residues involved in at the SH2:kinase interface, c-Fes 

kinase activity was dramatically reduced. Of interest is that the SH2:kinase interaction interface 

of active c-Fes is similar to that of active c-Abl (Figure 5B) suggesting that this conformation 

may be a common regulatory mechanism of certain non-receptor tyrosine kinases (64). 

Collectively, these data suggest the SH2 domain is a positive regulator of c-Fes kinase activity. 

Experiments in Aim 1 will identify the contribution of each c-Fes domain to the regulation of its 

oligomerization and kinase activation. 
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Figure 5: Structures of c-Fes and c-Abl SH2-Kinase Domains in the Active Conformation. 

Structural models for the SH2-kinase domains of active c-Fes (A) and c-Abl (B) are shown. For 

both proteins, the SH2 domain (red) contacts the kinase domain (blue) at multiple locations. A 

prominent point of contact involves the critical αC helix of the kinase domain. 
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1.1.4 c-Fes Biological Functions 

The c-Fes kinase is expressed in a variety of cells including myeloid hematopoietic, 

vascular endothelial, neuronal, and epithelial cells (Table 1) where it undergoes activation in 

response to signaling imparted by a variety of cytokines and growth factors [reviewed in 

(12,13)]. In these cell types, c-Fes has been linked to signaling pathways that control 

differentiation, oncogenesis, and tumor suppression. Patterns of Fes expression have also been 

established for both human and mouse tissue. Greer and colleagues localized endogenous murine 

fes and transgenic human c-Fes to the bone marrow, spleen, lymph node, and lung tissue (27). 

Haigh et al. additionally determined that fes was expressed in the developing vascular system, 

epidermis of the skin, and the lining of ventricles of the developing brain in mouse embryos (65). 

Further, Caré and colleagues initiated northern blot and in situ hybridization analyses to 

determined the spatial and temporal distribution of c-fes RNA during human and murine 

development and found c-fes transcripts in lung, liver, spinal cord, skin, gut heart and kidney 

(66). Most recently, Delfino et al. analyzed the expression of c-Fes in colonic epithelial tissue 

and observed robust c-Fes expression in normal tissue and reduced or absence of c-Fes 

expression in tumor tissue from the same individual (67).  
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Cell Line Species mRNA Protein Reference 
Myeloid 

AML Human Yes Yes (28) 
HEL Human ND Yes (68) 

HL-60 Human Yes Yes (29,68) 
K-562 Human No No (29,68) 
KG-1 Human ND Yes (68) 
TF-1 Human ND Yes (69,70) 

THP-1 Human Yes Yes (29,68) 
U-937 Human Yes Yes (29,68) 

Vascular Endothelial 
Bac.2F5 Murine Yes Yes (28) 
EOMA Murine Yes Trace (28) 

HUVEC Human Yes Yes (28) 
IBE Murine ND Yes (71) 

Neuronal 
Hippocampal Rat ND Yes (39) 

PC-12 Rat ND Yes (72) 
Epithelial 

CACO-2 Human ND Trace (67) 
COLO 320 Human ND No (67) 

DLD-1 Human ND No (67) 
HCT 116 Human ND No (67) 

HT-29 Human ND No (67) 
SNU 1040 Human ND No (67) 

HeLa Human No ND (29) 
LLC-PK1 Pig ND ND (73) 

 

 

Table 1: c-Fes Cellular Expression Summary 

Expression of c-Fes mRNA and protein in myeloid, vascular endothelial, neuronal, and epithelial 

cells. ND: no data.  
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1.1.4.1 Subcellular Distribution 

Within the cell, c-Fes predominantly exists as a cytoplasmic non-receptor tyrosine kinase. 

Multiple studies confirm this distribution (17,39,40) and one study in particular (65) found that 

c-Fes exhibited a diffuse cytoplasmic distribution with strong localization to the perinuclear 

region as well as punctuate projections that extend towards the plasma membrane. However, a 

few isolated experiments also suggest a subset of c-Fes molecules localizes to the nucleus in 

myeloid hematopoietic cells even though a nuclear localization sequences has not been identified 

(74,75).  

c-Fes subcellular localization also appears to be modified as a result of kinase activation 

(17,39,40,73). In Rat-2 cells, ectopically expressed c-Fes exhibits a diffuse cytoplasmic 

distribution that changes to focal adhesion localization upon activation (17). In COS-7 cells, 

wild-type c-Fes naturally exhibits an inactive, diffuse cytoplasmic distribution. However, upon 

catalytic activation, c-Fes relocalizes to the prominent COS-7 microtubule network. Of note is 

that c-Fes has also been demonstrated to localize to the microtubule network in neuronal cells as 

well (39,76). In line with this subcellular redistribution, a recent analysis of c-Fes expression in 

porcine kidney LLC-PK1 cells found that active c-Fes localization shifted between focal 

adhesions and cell-cell contacts, depending on cellular confluency (73). Further, Jucker and 

colleagues found that wild-type c-Fes associated with cytoskeletal components (77). Taken 

together, all of these observations suggest a role for c-Fes in regulating cellular cytoplasmic 

architecture and possibly cell movement. 

1.1.4.2 Differentiation  

The role of c-Fes in cellular differentiation responses is well characterized. A foremost 

example involves the highly undifferentiated chronic myelogenous leukemia (CML) cell line (K-
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562) (78,79) that does not express c-Fes (Table 1). Upon re-introduction of c-Fes, these cells 

undergo terminal differentiation as measured by the appearance of phagocytic activity, Fc 

receptors, nitro blue tetrazolium (NBT) reduction, MAC-1 immunofluorescence, and lysozyme 

production as well as the increases in the expression of the CD13 and C33 myelomonocytic 

surface antigens (47,60,80). Similarly, stable expression of active c-Fes mutants in the cytokine-

dependent myeloid leukemia cell line TF-1 promotes GM-CSF independent cell growth and 

survival, cell attachment, and cell spreading as well as increases in the CD13 and CD33 antigens 

(14). Also, expression of an active c-Fes mutant in the myeloid progenitor cell line U-937 

induces cell adherence, terminal macrophage differentiation, and differentiation marker (CD11b, 

CD11c, CD18, and CD14) expression (81). Further, antisense oligonucleotide inhibition of c-fes 

in the promyelocytic leukemia cell line HL-60 or FDC-P1/MAC-11 murine myeloid precursor 

cell line blocks PMA-induced differentiation (82,83). In a neuronal cell context, over-expression 

of wild-type c-Fes accelerates NGF-induced neurite extension in PC-12 cells, while active c-Fes 

mutants induce spontaneous neurite formation in this cell line, suggestive of a role in neuronal 

differentiation (40,72). This process has been linked to the PI3K-dependent activation of the 

small G-proteins Rac and Cdc2. Last, over-expression of wild-type c-Fes induces FGF-2-

independent tube formation by cultured brain capillary endothelial cells, implicating c-Fes in 

angiogenesis (71).  

1.1.4.3 Oncogenesis 

As suggested by Sangrar and colleagues (84), c-Fes may suffer from an “identity crisis” 

as both oncogenic and tumor suppressor roles (discussed in the next section) have been proposed 

for c-Fes. In addition to its viral counterparts that are sarcoma-inducing oncoproteins, over-

expression of wild-type or activated c-Fes mutants causes oncogenic transformation in rodent 
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fibroblasts as well as tissue hyperplasia in transgenic mice (14-17). Further, fusion of viral gag 

sequences to the amino-terminal regions of either c-Fes or c-Fps results in fibroblast 

transformation and strong tyrosine kinase activity (61,85,86). Last, a recent study implicated c-

Fes as a promoter of renal carcinoma cell proliferation as siRNA knockdown of c-fes 

significantly slows the renal carcinoma cell growth (Dr. Shigeru Kanda, University of Nagasaki, 

Japan, personal communication). 

1.1.4.4 Tumor Suppression 

Studies also suggest a tumor suppressor role for c-Fes in both myeloid hematopoietic and 

epithelial cells. Over-expression of wild-type Fes in K-562 myeloid leukemia cells suppresses 

cell growth and supports differentiation (discussed above), implicating Fes as a potential 

suppressor of chronic myelogenous leukemia (17,80,87). A potential target for c-Fes has been 

suggested to be the Bcr-Abl protein (the 9;22 chromosomal translocation gene product 

responsible for chronic myelogenous leukemia initiation) as Bcr-Abl protein levels decrease 

upon stable expression of c-Fes (60). 

With respect to epithelial cells, Bardelli and colleagues identified c-fes as one of only 

seven genes exhibiting consistent colorectal cancer-associated kinase domain mutations 

following nucleotide sequence analysis of the tyrosine kinome in 182 colorectal cancer cell lines 

or xenografts (88). Initially, these kinase domain mutations (M704V, R706Q, V743M, and 

S759F) were predicted to be activating and promote colorectal cancer tumorigenesis, as the c-Fes 

protein is the tightly regulated normal cellular homolog of transformation retroviruses. However, 

subsequent studies established that these mutations reduced or eliminated c-Fes kinase activity 

(67,84). Sangrar and colleagues went on to characterize the role of Fes in a mouse model of 

breast epithelial cancer and found that tumor onset occurs more rapidly in mice targeted with 
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either null or kinase-inactivating fes mutations (84). In addition, this group determined a fes 

transgene restores the kinetics of tumor onset in the c-fes null mice (84). In a parallel study, our 

laboratory established c-Fes as a suppressor of Fes-negative HT-29 and HCT 116 colorectal 

cancer (CRC) cell line growth in soft agar (67). Our study also showed that while c-Fes is 

strongly expressed in normal colonic epithelial cells from CRC patient tissue samples, 

expression is reduced or absent in 67% of colon tumor sections from the same group of 

individuals (67). In line with this, c-Fes protein expression is significantly reduced or absent in 

five of six CRC cell lines examined, with CACO-2 cells being the notable exception (67). 

Collectively, these data support a role for c-Fes as a tumor suppressor in colonic epithelial cells. 

1.2 COLORECTAL CANCER 

Cancer of the colorectum, the final portion of the digestive system extending from the 

small intestine illeocecal valve to the anus, is the fourth most common cancer in the United 

States. In 2008, an estimated 148,810 men and women will develop colorectal cancer (CRC) and 

49,960 will die from the disease (89). From a different perspective, someone will be diagnosed 

with CRC every 3.5 minutes, and someone will die from CRC every nine minutes (90). 

Fortunately, CRC incidence rates have been decreasing over the past two decades and have 

fallen nearly 2.1% per year from 1998-2003 due in part to improved staging, surgical therapies, 

and adjuvant therapies (89). However, the full complement of improperly activated oncogenes 

and inactivated tumor suppressor genes associated with the multi-step process of CRC 

carcinogenesis remains to be defined. Molecular analyses, such as the Bardelli study described 
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above that associated c-Fes with colorectal cancer, continue to identify new players in CRC 

progression (88). 

1.2.1 CRC Screening and Risk Factors 

Colorectal cancer is a multi-stage process of carcinogenesis that involves the gradual 

accumulation of both genetic and epigenetic alterations that transform the normal colonic 

epithelium to metastatic cancer (Figure 6). As a result, most cases of colorectal cancer are 

treatable as long as the disease is detected early in the process of tumorigenesis. The American 

Cancer Society recommends that average risk individuals should be screened at age 50 (more 

than 92% of CRC cases are diagnosed after this age) and high risk persons should be screened 

earlier (91,92). Unfortunately, most average risk persons do not heed this warning despite the 

clear benefit of early CRC detection. Beginning at age 50, the American Cancer Society (ACS) 

recommends that average-risk adults have a fecal occult blood test (FOBT) or fecal 

immunochemical test (FIT) every year, a flexible sigmoidoscopy (FSIG) every 5 years, a double-

contrast barium enema every 5 years, and a colonoscopy every 10 years (89,91,92). Emerging 

screening technologies include the molecular detection of genetically mutated or epigenetically 

altered genes associated with CRC and virtual colonoscopies (computed tomography 

colonography) (93). However, it remains to be seen whether these technologies will be cost 

effective when compared to the current screening recommendations. 
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Figure 6: Colorectal Carcinogenesis. 

Adaptation of the “Vogelgram” originally proposed by Fearon and Vogelstein in 1990 (94) that 

describes the progression of normal colonic epithelium transforming to metastatic cancer. ACF – 

Aberrant crypt foci. Early adenomas – adenomas smaller than 1.0 cm in size. Intermediate 

adenomas – adenomas greater than 1.0 cm in size that do not contain foci of carcinoma. Late 

adenomas – adenomas greater than 1.0 cm in size that contain foci of carcinoma.  

 

 

Various risk factors exist for developing colorectal cancer. Individuals who are more than 

50 years old, have previously had CRC, have colonic polyps, have a family history of either 

adenomas or CRC, or have an inflammatory bowel disease such as ulcerative colitis or Crohn’s 

disease are at an increased risk for CRC (90). Further, diets high in fat or diets low in fruits and 

vegetables, a sedentary lifestyle, obesity, smoking, or alcohol consumption increase the risk of 

developing CRC. According to the American Cancer Society, CRC risk may be reduced through 

the regular use of nonsteroidal anti-inflammatory drugs or hormones such as estrogen and 

progestin (89). 

1.2.2 CRC Prognostic Indicators and Treatment 

The prognosis for a CRC patient depends on the degree of tumor penetration, whether the 

cancer has spread to lymph nodes, and whether the cancer has metastasized. As a result, the most 
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comprehensive staging tool for CRC is the American Joint Committee on Cancer (AJCC) TNM 

system that describes a cancer based on the primary tumor growth (T), spreading to regional 

lymph nodes (N), and metastasis to other body organs (M). Table 2 summarizes the staging, 

treatment recommendations, and five-year survival rates associated with each CRC stage (0-IV) 

(90,93). As mentioned above, the early detection of premalignant colonic adenomas is of great 

importance, as colon and rectal cancers detected in their early stages are often curable (95).  
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Table 2: American Joint Committee on Cancer (AJCC) TNM Staging System 

Colorectal cancer is staged in accordance with the TNM classification system laid forth by the 

AJCC. The staging and associated TNM classification along with the definition, treatment, and 

five-year survival are included. T: tumor, N: node, M: metastasis.  
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Various treatment options exist for CRC patients. Surgical resection offers the greatest 

potential cure for patients with invasive CRC and radiation therapy is useful for patients with 

rectal cancer. Chemotherapeutic options include: fluorouracil (5-FU), which in combination with 

leucovorin has been a mainstay chemotherapeutic agent for decades in the treatment of advanced 

CRC; capecitabine, a 5-FU prodrug that mimics the continuous infusion of 5-FU; irinotecan, a 

topoisomerase inhibitor with activity in metastatic CRC; oxaliplatin, which in combination with 

5-FU and leucovorin inhibits DNA synthesis; cetuximab, a chimeric monoclonal antibody that 

dysregulates cell signaling of many epithelial malignancies by binding to the external growth 

factor receptor (EGFR); and bevacizumab, a human chimeric antibody that hinders angiogenesis 

(93). Epigenetic therapies aimed at disrupting CRC carcinogenesis are discussed in the following 

section. 

1.3 CARCINOGENESIS 

Knudson’s two-hit hypothesis suggests that at least two genetic “hits”, such as deletions 

or mutations that either activate normally silenced oncogenes or inactivate normally expressed 

tumor suppressors, combine to promote carcinogenesis (96,97). Additionally, epigenetic 

modifications which alter gene expression through mechanisms that do not change the actual 

DNA sequence are recognized as a “third pathway” in Knudson’s model of tumor suppressor 

inactivation in cancer (98). As mentioned above, colorectal cancer tumorigenesis is a multi-step 

process where genetic and epigenetic events accumulate to transform the normal colonic 

epithelium into metastatic cancer.  
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1.3.1 Genetic Hits 

Genetic alteration of tumor suppressors and oncogenes accumulate to promote CRC. A 

prominently mutated gene in both familial (inherited) and sporadic (non-inherited) CRC is the 

adenomatous polyposis coli (APC) tumor suppressor gene. The “gatekeeper” of cell proliferation 

in the colorectum, APC mutations are present in 60% to 80% of sporadic CRC cases, and 

inherited APC mutations result in familial adenomatous polyposis (FAP), which is a syndrome 

that accounts for 1% to 2% of all CRC cancer patients (90). A patient afflicted with FAP 

develops hundreds to thousands of polyps prior to turning age 30, and is likely to develop CRC 

by age 39 if their colon is not surgically removed. Inherited DNA mismatch repair (MMR) gene 

mutations can cause Lynch syndrome/hereditary nonpolyposis colon cancer (HNPCC). HNPCC 

accounts for 3-5% of all CRC cases, and HNPCC patients have a 70% to 80% chance of 

developing CRC and usually develop CRC by age 44 (90). Additional genes that are altered 

include the tumor suppressors p53, DCC, SMAD2, and DPC4/SMAD4 and as well as the K-ras 

proto-oncogene (99). Further, as mentioned earlier, c-fes was one of the seven genes that 

exhibited consistent kinase domain mutations in a screen of colorectal cell lines that were found 

to suppress the catalytic activity of c-Fes, implicating c-Fes as a CRC tumor suppressor 

(67,84,88).  

1.3.2 Epigenetic Hits 

In addition to genetic events that accumulate to promote CRC, epigenetic events 

including histone modifications and DNA methylation alter gene function without changing the 

DNA sequence. In addition to various cancers (including CRC), epigenetic diseases include 
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ATR-X-syndrome, Fragile X syndrome, ICF syndrome, Angelman’s syndrome, Prader-Will 

syndrome, BWS, Rett syndrome, α-Thalassaemia, Leukemias, Rubinstein-Taybi syndrome, 

Coffin-Lowry syndrome (100).  

1.3.2.1 Histone Modifications 

Histones, the protein component of chromatin around which chromosomal DNA is 

wound, undergo epigenetic modifications including acetylation and methylation of conserved 

lysine residues on the amino-terminal tail domains. Histone acetylation, regulated by histone 

acetyltransferases (HATs) and histone deacetyltransferases (HDACs), controls the structure of 

chromatin. In the absence of HATs, DNA (146 bp) is wrapped tightly around a core of histone 

octamers, preventing gene transcription. However, upon acetylation of conserved amino-terminal 

tail lysine residues of the core H2A, H2B, H3, and H4 histones, the affinity of DNA for the 

histone core is relaxed, permitting gene transcription (101). Histone methylation can also 

modulate gene transcription. Methylation of the amino-terminal lysine 9 of histone H3 (H3-L9) 

is indicative of silenced DNA transcription that is often found in heterochromatic DNA regions 

and the inactive X chromosome, while methylation at the Histone H3 lysine 4 indicates active 

DNA transcription and is often found in the promoters of transcribed genes (100). Histone 

modifications are often linked with DNA methylation, an additional epigenetic modification, and 

DNA methylation can trigger methylation of histone H3-L9 (102-104).  

1.3.2.2 DNA Methylation  

DNA methylation typically occurs at carbon 5 of cytosine in the context of CpG (5’-CG-

3’) dinucleotide sequences (105). The methyl group addition reaction is summarized in Figure 7. 

The cysteine residue within the active site of the DNA methyltransferase (DNMT) forms a 
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covalent bound with the sixth carbon (C6) of the target cytosine. Electron flow then increases to 

C5, resulting in an attack on the methyl group of AdoMet. From there, a proton is abstracted 

from C5 and β-elimination allows C5-C6 double bond to reform, releasing the DNMT enzyme 

from the methylated DNA.  
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Figure 7: Cytosine Methylation Reaction. 

Within the active site of the DNMT, a cysteine residue covalently binds to the cytosine carbon 6 

(C6). Following this, the flow of electrons to carbon 5 (C5) increases, resulting in an attack on 

the methyl group of AdoMet. A proton is then abstracted from C5 and β-elimination to allow the 

C5-C6 double bond to reform. The DNMT enzyme is then released from the methylated DNA.  

 

 

In organisms with low complexity genomes, such as Drosophila, Caenorhabditis 

elegans, and yeast, DNA methylation has not been detected (106). However, as vertebrate 

genomes increase in complexity, DNA methylation and DNA-histone interactions organize 

genomes into transcriptionally active (non-methylated) and inactive (methylated) zones. 

In normal human cells, methylation at CpG dinucleotides regulates embryonic gene 

expression and silences incorporated viral genomes such as EBV and HIV (107-111). 
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Throughout time, the CpG nucleotide has been depleted via a deamination process in which 5-

methylcytosines are converted to thymines, leaving the human genome with only 10% of its 

predicted number of CpG dinucleotides. Of these remaining CpG dinucleotides, 70 to 80% are 

methylated (112). However, CpG islands (CpG-rich stretches of DNA approximately 1 kb in 

length that do not have the typical underrepresentation of CpG dinucleotides) within 40% of 

mammalian gene promoters are rarely methylated in normal cells and are associated with 

transcriptionally active human genome zones (113). However, this is not the case in the context 

of cancer, as both genome-wide hypomethylation and regional hypermethylation events occur. 

Genome-wide hypomethylation leads to genomic instability and CpG island hypermethylation 

represses the transcription of downstream tumor suppressor genes, promoting carcinogenesis 

(113-116). In fact, methylation of a CpG island in a tumor suppressor gene promoter often leads 

to irreversible inhibition of expression (105,117-119). Colonic cancers have been suggested to 

have the one of the highest frequencies of CpG island promoter hypermethylation and exhibit 

CpG Island Methylator Phenotype (CIMP), which described the simultaneous methylation of 

several gene promoters at once (120). Genes that are methylated in CRC include the hMLH1 and 

MGMT DNA repair genes as well as the tumor suppressors APC,  p16INK4, p14ARF, HPP1/TPEF, 

RIZ1, and HLTF (121-128).  

DNA Methyltransferases 

In mammals, three DNA methyltransferase (DNMT) enzymes (DNMT1, DNMT3a, and 

DNMT3b) modulate the methylation patterns of CpG dinucleotides (98). In cancer, research has 

yet to conclusively establish how global hypomethylation and CpG hypermethylation events 

occur (129). One study suggests that hypomethylation occurs when catalytically inactive 

DNMT3b variants shield DNA from active DNMTs (130). Other studies suggest that increases in 
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the mRNA and protein levels of both DNMT1 and DNMT3b correlate with hypermethylation 

(131,132). Regardless, both DNMT1 and DNMT3b have been shown to maintain abnormal gene 

hypermethylation in cancer cells (133,134).  

DNMT1 is primarily involved in the maintenance of DNA methylation patterns as it 

maintains CpG dinucleotide patterns during DNA damage repair and DNA replication as part of 

the DNA replication complex (135,136) and exhibits a 5- to 40-fold preference for hemi-

methylated DNA (137,138). However, DNMT1 is also involved in the establishment of de novo 

methylation patterns involving embryonic CpG dinucleotides (138), non-CpG dinucleotide 

cytosines (139), and CpG dinucleotides found within CpG islands (140,141). Disruption of the 

DNMT1 gene in embryonic stem cells results in a three-fold decrease in cytosine C5 methylation 

levels, but does not alter cellular viability, growth, or morphology (142).  

DNMT3a and DNMT3b of the DNMT3 family additionally maintain CpG dinucleotide 

methylation patterns, but are essential for the establishment of de novo methylation patterns 

observed for CpG dinucleotides (143,144). Inactivation of both DNMT3a and DNMT3b in ES 

cells eliminates de novo methylation activity (144). Further, both DNMT3a and DNMT3b are 

required for embryonic development as mice truncated at DNMT3a are runted and die after four 

weeks and mice truncated at DNMT3b exhibited growth and neural tube defects (144). 

Combining the DNMT3a and DNMT3b truncations resulted in smaller embryos with altered 

morphology that died before day 8.5 (144). An additional DNMT3 homologue, DNMT3L (DNA 

methyltransferase 3-like), is expressed specifically in germ cells (145). Although it does not 

possess methyltransferase activity, DNMT3L is essential for the establishment of male and 

female germ cell methylation patterns (146). Further research has suggested that DNMT3L 

enhances the de novo methylation activity of both DNMT3a and DNMT3b (147-151). 
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Mechanisms of Methylation-mediated Transcriptional Repression 

CpG island promoter hypermethylation represses gene expression by either denying 

access of transcription factors or permitting the binding of nucleoproteins that recruit 

transcriptional repression complexes to otherwise actively transcribed genes. Various 

experiments suggest that certain transcription factors are unable to bind their target sequence 

when it is methylated (152,153). These factors include AP-2, CREB, E2F, NF-kB, and c-Myc 

(98). A second possible mechanism by which promoter methylation downregulates gene 

expression may involve methylation-dependent recruitment of nucleoprotein factors such as the 

methylated CpG binding proteins MeCP1 (154) and MeCP2 (155), which in turn deny access to 

transcription factors either directly or by inducing inaccessible DNA conformations. MeCP1, 

first identified by Meehan and colleagues in 1989, is a 120 kDa nucleoprotein that selectively 

binds to DNA sequences containing methylated CpG dinucleotides (154). MeCP1 does not 

display affinity for non-methylated CpG dinucleotides and exhibits only weak affinity for hemi-

methylated CpGs, instead preferring DNA sequences with clusters of methylated CpG 

dinucleotides (at least 12 symmetrically methylated CpGs being required) (154,156,157). Similar 

to MeCP1, MeCP2 (an 84 kDa nucleoprotein characterized in 1992 by Lewis et al.) exhibits no 

affinity for non-methylated CpG dinucleotides or non CpG 5-methylcytosine residues (155). 

Unlike MeCP1, however, MeCP2 can bind to one symmetrically methylated CpG dinucleotide 

per probe molecule (155). MeCP2 contains a transcriptional-repression domain (TRD) (158) and 

this activity relies in part on histone deacetylation prompting Nan and colleagues to describe 

MeCP2 as a “mechanistic bridge” between DNA methylation and histone deacetylation (158). 
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Neither CpG binding protein is influenced by the sequences surrounding their target methyl-CpG 

residues. 

1.3.2.3 Methylation Biomarkers and Therapies 

Promoter methylation marks a distinct clinical and epidemiological pathway and has 

potential use as a clinical diagnostic biomarker for the early stages of carcinogenesis. Aberrant 

gene promoter methylation associated with the early stages of carcinogenesis can be detected in 

older patients, livers of patients with chronic viral hepatitis, the lungs of heavy smokers, and in 

Barrett’s esophagus, which are all associated with an increased risk for the development of CRC 

cancer (98). Further, promoter hypermethylation can be detected in specimens taken from 

patients (sputum, serum, urine, and breast ductal fluid). Demethylation therapies are described 

below. 

The cytidine analog methylation inhibitors (Figure 8A), 5-azacytidine (5-aza-C: 

azacytidine) and 5-aza-2’-deoxycytidine (5-aza-2’-dC: decitabine), irreversibly inhibit the 

DNMT driven methylation reactions by incorporating into DNA and covalently binding to the 

active site of the DNMT, preventing resolution of the 5,6-dihydropyrmidine intermediate (Figure 

8B). Generally, 5-aza-2’-dC is considered to be a more specific inhibitor than 5-aza-C, since 5-

aza-C also incorporates into RNA to interfere with protein synthesis, whereas 5-aza-2’dC is 

solely incorporated into DNA (159). In a mouse model of colorectal cancer, reduction of DNA 

methylation through genetic or pharmacologic intervention has been shown to have tumor-

preventative effects (160).  
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Figure 8: Mechanism of 5-aza-2’-deoxycytidine Activity 

A) Structural comparison of cytidine with synthetic analogs. R – Ribose. dR – Deoxyribose. B) 

5-aza-2’-deoxycytidine methylation inhibition reaction. 5-aza-2’-dC incorporates into DNA and 

irreversibly binds to the DNMT. This prohibits the 5,6-dihydropyrimidine intermediate reaction 

from resolving, resulting in irreversible inhibition of the DNMT activity.  

 

 

Clinically, azacytidine and decitabine are highly effective hypomethylating agents with 

proven anticancer effects. Since the 1960s, azacytidine had been used in clinical trials for the 

treatment of β-thalassaemia, sickle cell anemia, leukemias (CML, AML, myelodysplasia), 

metastatic lung cancer, EBV-associated malignancies, androgen insensitive prostate cancer, 

metastatic lung cancer, cervical cancer, testicular cancer, colorectal cancer, head and neck 

cancer, renal, malignant melanoma, ovarian cancer, and AIDs (105). Azacytidine and decitabine 
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have both been granted FDA approval for the treatment of myelodysplastic syndromes (MDSs), 

a condition where hypermethylation events promotes leukemic transformation (161,162). 

Original azanucleoside clinical trials were administered at maximum tolerated doses, which were 

effective in myelosuppression but caused severe side effects (105). On the other hand, current 

studies instead rely on low-dose treatment regimes that favor hypomethylation over cytotoxicity 

with primarily hematological side effects (159,163). 5-aza-2’-dC is also useful in a laboratory 

setting for identifying novel tumor suppressors and was used in Chapter 3 to determine the 

mechanism by which c-Fes expression is lost in colorectal cancers. 

1.4 HYPOTHESES AND SPECIFIC AIMS 

1.4.1 Hypotheses 

The c-fes proto-oncogene encodes the 93 kDa non-receptor protein-tyrosine kinase c-Fes. 

While in vitro research has suggested a model where the coiled-coil domains mediate the 

conversion of c-Fes from an inactive monomeric to active oligomeric kinase, little is known 

about the strict in vivo regulation of c-Fes catalytic activity. Further, gel filtration analyses of the 

inclusive wild-type coiled-coil domains suggest the possibility of c-Fes adopting a constitutively 

oligomeric conformation. Due to this, I propose to test the hypothesis that the coiled-coil 

domains modulate the oligomerization status of c-Fes in living cells. Regarding c-Fes 

biological activity, historical data largely supports the role of c-Fes in oncogenesis based in part 

on its relationship to transforming retroviral oncogenes. As a result, the colorectal cancer-

associated tumor suppressor role for c-Fes is in its nascent stages, and mechanisms responsible 
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for the downregulation of c-Fes expression in colorectal cancers have not been explored. Thus, I 

also propose to test the hypothesis that promoter methylation downregulates c-Fes 

expression in colorectal cancer. To address these hypotheses, I have set forth the following 

aims: (1) to test the hypothesis that the coiled-coil domains mediate the in vivo oligomerization 

of c-Fes, a constitutive oligomer; and (2) to define the mechanism by which c-Fes expression is 

lost in colorectal cancer. 

1.4.2 Specific Aims 

Aim 1: to test the hypothesis that the coiled-coil domains mediate the in vivo 

oligomerization of c-Fes, a constitutive oligomer 

c-Fes, a 93 kDa non-receptor protein-tyrosine kinase, consists of an amino-terminal FCH 

domain and a coiled-coil domain (collective referred to as an F-BAR domain), a second coiled-

coil domain, a central SH2 domain, and a carboxyl-terminal kinase domain. In living cells, c-Fes 

kinase activity is tightly regulated by an unknown mechanism. Adapting a YFP bimolecular 

fluorescence complementation (BiFC) assay for c-Fes analysis, (Figure 9), I defined the in vivo 

oligomerization interface of c-Fes through a series of point mutants. Further, I was able to 

hypothesize a relationship between oligomerization and catalytic activation. 
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Figure 9: c-Fes Bimolecular Fluorescence Complementation (BiFC) Assay 

Potential interacting partners (Fes) are fused to non-fluorescent amino-terminal (1-154) and 

carboxyl-terminal (155-238) portions of the YFP coding sequence (termed “YN” and YC” 

respectively) and co-expressed in the same cell. If oligomerization of the fused proteins occurs, 

YN and YC are brought into close proximity, resulting in structural complementation and YFP 

fluorescence. 

 

 

Aim 2: to define the mechanism by which c-Fes expression is lost in colorectal cancer 

Previous research has demonstrated that c-Fes expression is lost in cancerous tissue and 

colorectal cancer cells, a finding common among tumor suppressors. Further, past data suggests 

a CpG island exists within the c-fes promoter. As a result, promoter methylation may 

downregulate c-fes expression. Using demethylation treatments, bisulfite sequencing, and in 
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vitro methylation assays, I was able to conclusively establish that c-fes promoter methylation 

downregulates c-Fes expression in colorectal cancer. 
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2.0  BIMOLECULAR FLUORESCENCE COMPLEMENTATION DEMONSTRATES 

THAT THE c-FES PROTEIN-TYROSINE KINASE FORMS CONSTITUTIVE 

OLIGOMERS IN LIVING CELLS* 

2.1 ABSTRACT 

The c-fes proto-oncogene encodes a non-receptor protein-tyrosine kinase (c-Fes) that 

contributes to the differentiation of myeloid hematopoietic, vascular endothelial, and some 

neuronal cell types. Although originally identified as the normal cellular homolog of the 

oncoproteins encoded by avian and feline transforming retroviruses, c-Fes has recently been 

implicated as a tumor suppressor in breast and colonic epithelial cells. Structurally, c-Fes 

consists of a unique aminio-terminal region harboring two coiled-coil motifs, a central SH2 

domain, and a carboxyl-terminal kinase domain. In living cells, c-Fes kinase activity is tightly 

regulated by a mechanism that remains unclear. Previous studies have established that c-Fes 

forms high molecular weight oligomers in vitro, suggesting that the dual coiled-coil motifs may 

regulate the interconversion of inactive monomeric and active oligomeric states. Here we show 

for the first time that c-Fes forms oligomers in live cells independently of its activation status 

                                                 

* This chapter has been submitted for publication: Shaffer, J. M. and Smithgall, T. E. (2008) Bimolecular 

Fluorescence Complementation Demonstrates that the c-Fes Protein-tyrosine Kinase Forms Constitutive Oligomers 

in Living Cells. Biochemistry. 
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using a YFP bimolecular fluorescence complementation assay. We also demonstrate that both 

amino-terminal coiled-coil regions are essential for c-Fes oligomerization in transfected COS-7 

cells as well as HCT 116 colorectal cancer and K-562 myeloid leukemia cells. Together, these 

data provide the first evidence that c-Fes, unlike c-Src, c-Abl and other non-receptor tyrosine 

kinases, is constitutively oligomeric in both its repressed and active states. This finding suggests 

that conformational changes, rather than oligomerization, govern its catalytic activity in vivo. 

2.2 INTRODUCTION 

The human c-fes proto-oncogene encodes a structurally unique, 93 kDa non-receptor 

protein-tyrosine kinase (c-Fes) expressed in myeloid hematopoietic, vascular endothelial, and 

some neuronal cells where it has been linked to signaling pathways controlling differentiation 

(12,13). Early work showed that restoring wild-type c-Fes expression in the chronic 

myelogenous leukemia cell line K-562 suppresses cell proliferation and primes the cells for 

differentiation to macrophages by phorbol esters (47,80). Similarly, active c-Fes mutants induced 

GM-CSF-independent proliferation in addition to cell attachment and spreading in the cytokine-

dependent myeloid leukemia cell line TF-1, consistent with differentiation along the monocyte-

macrophage pathway (14). In the monocytic precursor cell line U-937, an active c-Fes mutant 

also induced cell adherence, macrophage morphology, and differentiation marker expression 

(81). Over-expression of wild-type c-Fes accelerated NGF-induced neurite extension in PC12 

cells, while active c-Fes mutants induced spontaneous neurite formation in this cell line, 

suggestive of a role in neuronal differentiation (40,72). Finally, over-expression of wild-type c-
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Fes induced FGF-2-independent tube formation by cultured brain capillary endothelial cells, 

implicating c-Fes in angiogenesis (71).  

More recently, c-Fes expression has been detected in epithelial cells, where it may serve a 

tumor suppressor function. Greer and colleagues determined that tumor onset in a breast cancer 

model occurred more rapidly in mice targeted with either null or kinase-inactivating c-fes 

mutations, and that a c-fes transgene restored the latency of tumor formation (84). Our group 

found that c-Fes protein is strongly expressed in normal human colonic epithelial cells, while 

expression was reduced or absent in 67% of colon tumor sections from the same individuals (67). 

Furthermore, re-expression of wild-type or active c-Fes suppressed anchorage-independent 

growth of two colorectal cancer cell lines, HCT 116 and HT-29, both of which are negative for 

c-Fes protein expression (67). Kinase-inactivating mutations have also been reported for c-Fes in 

colorectal cancer cell lines (67,84,88), providing further support for a tumor suppressor function 

for c-Fes in some tissue types. 

Structurally, c-Fes consists of a long unique amino-terminal region, with a tubulin-

binding FCH domain and two coiled-coil homology motifs, followed by a central Src-homology 

2 (SH2) domain and a carboxyl-terminal kinase domain (12,13) (Figure 1). The c-Fes FCH and 

first coiled-coil domain together have recently been recognized as an F-BAR domain (37). 

Unlike other non-receptor protein-tyrosine kinases, c-Fes lacks negative regulatory features such 

as an SH3 domain or the negative regulatory tail associated with Src-family kinases (164). 

Despite this, c-Fes kinase activity remains strictly regulated in mammalian cells. When wild-type 

c-Fes is ectopically expressed in rodent fibroblasts, little or no transforming activity is apparent 

(14-16). However, mutation or deletion of the first coiled-coil domain results in strong 

upregulation of kinase activity and release of transforming potential in fibroblasts (14,47). 
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Similarly, en bloc substitution of the c-Fes SH2 domain with that of v-Src also causes loss of 

negative regulation in vitro (17), implicating the SH2 domain as well as the amino-terminal 

coiled-coil motif in the regulation of kinase activity. 

Gel-filtration and cross-linking studies have established that c-Fes forms higher order 

oligomers in vitro (up to a pentamer), and that the two amino-terminal coiled-coil domains are 

responsible for oligomerization (14,45). In particular, gel-filtration analyses involving a small 

fragment of the amino-terminal region showed that point mutations disrupting both coiled-coil 

motifs prevent oligomerization (14). This result led to a hypothetical model for c-Fes activation 

in which the coiled-coil domains mediate interconversion between inactive monomeric and 

active oligomeric states (14). In this model, the more amino-terminal coiled-coil was proposed to 

interact intramolecularly with the second to hold c-Fes in an inactive monomeric conformation. 

Supporting this model is the observation that negative regulation imparted by the first coiled-coil 

domain can be relieved by mutation (45,58). However, no evidence for an inactive monomer has 

been generated either in vitro or in vivo, and it is unclear how oligomerization modulates c-Fes 

activity in living cells. 

In this study, we investigated c-Fes oligomerization in live cells using a bimolecular 

fluorescence complementation (BiFC) assay based on yellow fluorescent protein (YFP) as 

originally developed by Kerppola and colleagues for the study of transcription factors (165,166). 

BiFC provides a useful technique to examine protein-protein interaction in a normal cellular 

environment, as it is sensitive enough to detect interactions between proteins expressed at 

physiological levels (165,166). In this approach, oligomerization partners (c-Fes in this case) are 

fused to non-fluorescent amino- and carboxyl-terminal portions of the YFP coding sequence and 

co-expressed in the same cell. Oligomerization brings the two YFP fragments into close 
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proximity, resulting in structural complementation and fluorescence. Using the BiFC technique, 

we made the surprising discovery that c-Fes exists as a constitutive oligomer in cells, regardless 

of its autophosphorylation state. We further demonstrated that both of the c-Fes coiled-coil 

regions are essential for oligomerization in transfected COS-7 cells as well as cell lines where c-

Fes is known to exert biological effects (HCT 116 colorectal cancer cells and K-562 CML cells). 

Together, these data demonstrate that c-Fes oligomerization is independent of activation and 

suggest that conformational changes, rather than oligomerization, govern c-Fes kinase activation 

and downstream signaling in vivo. The discovery that c-Fes exists as a pre-formed oligomer in 

vivo makes it unique among non-receptor protein-tyrosine kinases, and suggests new strategies 

for the design of small molecules that may enhance its activity in vivo. Such compounds may be 

of utility for the differentiation therapy of certain types of tumors. 

2.3 EXPERIMENTAL PROCEDURES 

2.3.1 Construction of Plasmid Vectors.  

 Fes point mutants L145P, L334P, L145P-L334P (2LP), R483L, and K590E have been 

described elsewhere (14,40,58) (Figure 10A). To create the vectors required for BiFC analysis, 

sequences encoding the non-fluorescent amino- and carboxy-terminal portions of YFP (YN: 

amino acids 1-154, YC: amino acids 155-238) were amplified by PCR from pEYFP-C1 

(Clontech) and subcloned into separate pcDNA3.1(+) vectors (Invitrogen). Full-length YFP was 

cloned in a similar manner for creation of YFP-Fes fusion plasmids. Each of the c-Fes cDNAs 

was fused to the carboxyl-terminal end of either YN or YC, creating YN-Fes and YC-Fes BiFC 

 40 



fusion pairs. Each BiFC fusion pair was subcloned from pcDNA3.1+ into the mammalian 

expression vector pIRES (Clontech). In this construct, YC-Fes was subcloned directly 

downstream of the CMV promoter with YN-Fes downstream of the IRES sequence (Figure 

10B). This cloning strategy was also applied to the pIRES-Fes BiFC control plasmids, which 

either express YC-Fes or YN-Fes alone. All c-Fes constructs used in this study encode a 

carboxyl-terminal FLAG epitope tag. 
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Figure 10: c-Fes Constructs and BiFC Experimental Design 

A) The structure of the wild-type (WT) c-Fes protein is shown at the top, which includes a 

unique amino-terminal region with two coiled-coil motifs (CC1 and CC2), a central SH2 

domain, and a carboxyl-terminal kinase domain. Coiled-coil domain mutants include leucine to 

proline substitutions in CC1 (L145P) and CC2 (L334P), as well as the corresponding double 

mutant (2LP). c-Fes proteins with inactivating mutations in the SH2 domain (R483L) as well as 

the kinase domain (K590E) are also shown. B) pIRES YFP BiFC system. The coding sequences 

for c-Fes were fused in frame with the nucleotide sequences of the amino-terminal portion of 

YFP (encoding amino acids 1-154) to create the YN-Fes fusion protein and to the sequences of 

the carboxyl-terminal part of YFP (encoding amino acids 155-238) to create YC-Fes. The 

resulting c-Fes fusion proteins were subcloned into the pIRES vector as shown. Use of the IRES 

construct ensures simultaneous expression of both YN-Fes and YC-Fes BiFC partners from the 

same transcript as shown. 

 

2.3.2 Cell Culture and Transfection.  

 Cell lines were maintained at 37 °C in a 5% CO2 humidified incubator. COS-7, HCT 116, 

and K-562 cells were obtained through the ATCC and cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Invitrogen), McCoy’s Modified 5A medium (Invitrogen), or RPMI 1640 

(Invitrogen), respectively. All culture media were supplemented with 10% fetal bovine serum 

(FBS; Atlanta Biological) and Antibiotic/Antimycotic (Invitrogen). Transient transfection was 
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performed as follows: COS-7 cells (2.25x105) were plated in 60 mm dishes and transfected one 

day later with 2 μg of total plasmid DNA using Fugene 6 (Roche). HCT 116 cells (6x105) were 

seeded in 6-well plates and transfected one day later with 2 μg of total plasmid DNA using 

Lipofectamine 2000. K-562 cells (6x105) were seeded in 12-well plates and transfected 

immediately with 2 μg of total plasmid DNA using Lipofectamine 2000 (Invitrogen). All 

transfections were performed using serum-free Opti-MEM (Invitrogen) as diluent, and 

transfected cells were grown in Antibiotic/Antimycotic-free medium. Following incubation at 37 

°C for 20 h, transfected cells were switched to room temperature for 2 h to promote fluorophore 

maturation prior to fluorescence microscopy. 

2.3.3 Immunofluorescence Microscopy and Fluorescence Imaging.  

 Transfected COS-7 or HCT 116 cells were fixed with 4% paraformaldehyde in PBS for 

10 min followed by 2 washes with PBS and permeabilized with 0.2% Triton X-100 in PBS for 

15 min. Cells were then blocked in PBS containing 2% BSA for 30 min and incubated for 60 

min with either anti-Fes (1:250 dilution; Fes C19, Santa Cruz Biotechnology) or anti-Fes 

phosphospecific primary antibodies [pFes; 1:1,000 dilution; recognizes phosphotyrosine 713 in 

the activation loop (48)]. Immunostained cells were visualized with secondary antibodies 

conjugated to Alexa Fluor 594 (Invitrogen) or Texas red (Southern Biotech). Fluorescent images 

were recorded using a Nikon TE300 inverted microscope with epifluorescence capability and a 

SPOT CCD high-resolution digital camera and software (Diagnostic Instruments). Following 

acquisition of black & white images, appropriate color palettes were applied (green for YFP or 

BiFC, red for c-Fes protein, pTyr-713, or RFP), and minimal histogram, brightness, and contrast 
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adjustments were performed to improve image clarity. Identical manipulations were applied to 

all images in a given experiment. 

2.3.4  Immunoblotting and Antibodies. 

Transiently transfected COS-7, K-562, and HCT 116 cells were washed with PBS, 

resuspended in Fes lysis buffer [50 mM Tris/HCl (pH 7.4), 1 mM EDTA, 50 mM NaCl, 1 mM 

MgCl2, 0.1% Triton X-100, 2 mM PMSF, 2 mM sodium orthovanadate, 25 mM sodium fluoride 

and Protease Inhibitor Cocktail Set III (Calbiochem)], and sonicated for 10 s at 4 °C. The cell 

lysates were clarified by centrifugation, diluted with 2X SDS-PAGE sample buffer (125 mM 

Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 172 mM 2-mercaptoethanol, 0.05% bromophenol 

blue), and heated to 95 °C for 10 min. Lysates were subjected to immunoblot analysis with 

antibodies to c-Fes (C-19; 1 μg/ml), pFes (1:1000 dilution), phosphor-tyrosine (PY99; 1 μg/ml, 

Santa Cruz Biotechnology), and Hck (N30; 1 μg/ml, Santa Cruz Biotechnology) as required. 

Lysates were also blotted with anti-actin antibodies (Chemicon MAB1501; 1:10000 dilution) as 

a loading control. Immunoreactive bands were detected using an alkaline phosphatase-

conjugated secondary antibody followed by colorimetric detection with NBT/BCIP. 
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2.4 RESULTS 

2.4.1 Visualization of c-Fes Oligomers in Live Cells. 

Previous data from our laboratory suggested that c-Fes kinase activity may be regulated 

by interconversion of inactive monomeric and active oligomeric configurations (see 

Introduction) (14,45,47). These studies implied that wild-type c-Fes, whose kinase activity is 

strongly repressed in cells, naturally adopts a monomeric conformation, as is the case for the 

downregulated forms of several other non-receptor tyrosine kinases such as c-Abl (167,168), 

Hck (169,170), and c-Src (171,172). To determine the oligomerization status of wild-type c-Fes 

in live cells, we applied a BiFC approach in which complementary fragments of YFP (YN: 

amino acids 1-154, YC: amino acids 155-238) were fused to the amino-terminus of full-length 

wild-type c-Fes and subcloned into a single pIRES expression vector (Figure 10B). We also 

created a plasmid for expression of full-length YFP fused to c-Fes for use as a positive control. 

COS-7 cells were transfected with plasmids encoding YFP-Fes, YN-Fes alone, YC-Fes alone, as 

well as both YN-Fes plus YC-Fes and monitored by fluorescence microscopy (Figure 11A). 

Transfected cultures were also immunostained to identify c-Fes-positive cells. The number of 

cells exhibiting YFP fluorescence was then normalized to the total number of Fes-positive cells 

present in each culture (Figure 11B). Cells expressing YN-Fes or YC-Fes alone failed to exhibit 

detectable fluorescent signals. In contrast, approximately 50% of the cells expressing both YN-

Fes and YC-Fes fusion proteins exhibited a strong, cytoplasmic fluorescent signal relative to 

cells transfected with the YFP-Fes fusion protein, consistent with wild-type c-Fes 

oligomerization in vivo. In addition, the diffuse cytoplasmic distribution of the c-Fes BiFC signal 

is very similar to that of YFP-Fes, consistent with previous data for cells transfected with wild-
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type, inactive c-Fes (17,39,40,65). This observation suggests that the YN and YC fusions do not 

alter c-Fes subcellular localization. Immunoblots shown in Figure 11C confirm expression of 

full-length YFP-Fes, YN-Fes, and YC-Fes. Note that YN-Fes is expressed at much lower levels 

than YC-Fes, most likely because its translation is controlled by the IRES in the bicistronic 

transcript (Figure 10B). This observation shows that c-Fes oligomerization in vivo is not an 

artifact of over-expression, as the c-Fes BiFC signal is readily observed despite the limiting 

amount of YN-Fes protein present. These results demonstrate for the first time that wild-type c-

Fes forms oligomers in living cells. 
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Figure 11: Wild-type c-Fes Forms Oligomers in Living Cells. 

COS-7 cells were transfected with plasmids encoding YFP-Fes, YN-Fes alone, YC-Fes alone, 

and YN-Fes + YC-Fes (BiFC-Fes). Twenty hours after transfection, cells were incubated at 

room-temperature for 2 hours and either fixed and immunostained with a c-Fes-specific antibody 

or lysed for immunoblot analysis. A) Fluorescent images of representative cells expressing YFP-

Fes, YN-Fes, YC-Fes, and BiFC-Fes. YFP-Fes, YN-Fes, YC-Fes, and BiFC-Fes proteins were 

examined for YFP fluorescence (top row). Secondary antibodies conjugated to Alexa Fluor 594 
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were used to visualize transfected cells immunoreactive for the c-Fes antibody (bottom row). 

YFP/BiFC and Alexa Fluor 594 are represented as green and red, respectively. B) The number of 

cells exhibiting a YFP fluorescent signal in each transfection condition was normalized to the 

total number of c-Fes-positive cells present. At least 250 cells were counted for each condition. 

Each experiment was repeated in triplicate and the results are presented as the mean ratios ± S.D. 

C) Lysates from the transfected cell populations shown in part A were analyzed by 

immunoblotting with antibodies to c-Fes (top) and to actin as a loading control (bottom). The 

arrows indicate the positions of the YFP-Fes (YFP), YN-Fes (YN), and YC-Fes (YC) fusion 

proteins. 

 

2.4.2 Activation does not influence wild-type c-Fes oligomerization. 

Results presented in Figure 11 strongly suggest that c-Fes naturally adopts an oligomeric 

conformation in vivo. To evaluate the effect of kinase activation on c-Fes oligomerization in 

living cells, the YFP-Fes and BiFC-Fes plasmids described in Figure 11 were co-transfected with 

a plasmid encoding an active form of Hck (Hck-YF) (173). Hck is a member of the Src kinase 

family expressed in myeloid cells that has been previously demonstrated to activate wild-type c-

Fes in vivo (40,71). To identify cells expressing active c-Fes, the transfected cultures were also 

immunostained with a phosphospecific antibody (pFes) that recognizes autophosphorylation of 

Tyr-713 in the c-Fes activation loop (48). As shown in Figure 12A, YFP-Fes alone exhibited a 

diffuse cytoplasmic localization and only a trace amount of staining with the phosphospecific 

antibody. On the other hand, co-expression with Hck-YF induced strong YFP-Fes activation as 

judged by pFes antibody staining. In addition, active YFP-Fes relocalized to the prominent 
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microtubule network present in COS cells, consistent with our previous observations (40). 

Paralleling results for YFP-Fes, Figure 12B shows that cells co-expressing YN-Fes plus YC-Fes 

exhibited a strong BiFC signal but only a trace of autophosphorylation indicating that wild-type 

c-Fes oligomers are catalytically inactive. Co-expression with Hck-YF induced strong 

phosphorylation of the c-Fes oligomers at Tyr-713, as judged by phosphospecific antibody 

staining. In addition, activation of c-Fes by Hck-YF induced localization to microtubules, 

demonstrating that active c-Fes remains oligomeric in living cells and moves to microtubules as 

an oligomer. Immunoblot analysis confirms that wild-type YFP-Fes, YN-Fes and YC-Fes are 

weakly autophosphorylated when expressed alone, but are robustly phosphorylated in the 

presence of Hck-YF (Figure 12C). These results illustrate that activation does not alter wild-type 

c-Fes oligomerization in living cells, as c-Fes remains oligomeric irrespective of kinase domain 

autophosphorylation. 
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Figure 12: Active Wild-type c-Fes Remains Oligomeric in vivo.  

Wild-type YFP-Fes and c-Fes BiFC fusion vectors were transiently expressed in COS-7 cells. 

Cells were also co-transfected with an active form of the Src family kinase Hck as indicated. 

Twenty hours later, cells were incubated at room-temperature for 2 hours and either fixed and 

stained with c-Fes phosphospecific antibodies or lysed for immunoblot analysis. A) 

Representative fluorescent images of COS-7 cells expressing YFP-Fes plus and minus (Con) 

active Hck. Secondary antibodies conjugated to Texas Red were used to visualize pFes staining. 

YFP-Fes and Texas red (pFes) fluorescence are represented as green and red, respectively. B) 

Representative fluorescent images of COS-7 cells expressing BiFC-Fes (YN-Fes & YC-Fes) plus 
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and minus (Con) Hck. The BiFC-Fes fluorescent signal (BiFC) and Texas red (pFes) 

fluorescence are represented as green and red, respectively. C) Immunoblot analyses of cell 

lysates from part A for c-Fes protein levels (Fes) and c-Fes autophosphorylation with the 

phosphospecific antibody (pFes); arrows indicate the position of YFP-Fes (YFP), YN-Fes (YN), 

and YC-Fes (YC). Blots were also performed for Hck protein expression and actin as a loading 

control.  

 

2.4.3 The coiled-coil homology domains are essential for c-Fes oligomerization in living 

cells. 

Located within the unique amino-terminal region of c-Fes are two coiled-coil motifs that 

mediate c-Fes oligomerization in vitro and play a key role in the regulation of c-Fes kinase 

activity in vivo (14,45,47). To assess the role of the coiled-coil motifs in c-Fes oligomerization in 

cells, BiFC assays were performed using coiled-coil leucine to proline point mutants previously 

shown to disrupt the function of these domains (14) (Figure 10A). Expression vectors that co-

express both YN-Fes and YC-Fes coiled-coil mutants from the same transcript were generated as 

described above, and tested for oligomerization via BiFC in COS-7 cells. As shown in Figure 13, 

less than 5% of cells co-expressing YN- and YC-fused Fes-L145P, Fes-L334P, or Fes-2LP were 

fluorescent, indicating a requirement for both coiled-coil domains in maintaining c-Fes 

oligomerization in vivo. These results also provide an essential control for the wild-type c-Fes 

BiFC result, as they show that mutations in the coiled-coil domains of c-Fes previously 

established to contribute to oligomerization in vitro are required for fluorescence 

complementation in cells. Thus homotypic c-Fes interactions, and not the YFP fragments 
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themselves, are the driving force behind the BiFC signal. A final interesting feature of the coiled-

coil mutants is that while they fail to form oligomers in vivo (negative BiFC signal), they all 

show a staining pattern consistent with localization to the microtubule network. This result 

suggests that association with microtubules does not require oligomerization, and is consistent 

with our previous data that c-Fes movement to microtubules is dependent upon both Fes-

mediated tubulin phosphorylation and subsequent binding via the c-Fes SH2 domain (40). 

Indeed, immunoblots show that the YN- and YC-Fes coiled-coil domain mutants are strongly 

autophosphorylated, consistent with this idea (Figure 13C). 

In addition to the coiled-coil domains, we also assessed the contribution of the c-Fes SH2 

and kinase domains to oligomerization using mutant proteins. Unlike the coiled-coil mutants, 

inactivating mutations in the SH2 domain (R483L) or kinase domain (K590E) did not alter the 

capacity of c-Fes to form oligomers, as both mutants produced positive BiFC signals in a similar 

percentage of cells as wild-type c-Fes. These mutants exhibited a diffuse cytoplasmic 

distribution and failed to track to microtubules, consistent with lack of kinase activity in vivo. 

Immunoblots shown in Figure 13C are consistent with this conclusion, as neither of these 

mutants reacted with the c-Fes phosphospecific antibody. Taken together, these results strongly 

suggest that both of the c-Fes coiled-coil domains, but neither the SH2 nor the kinase domain, 

are required for c-Fes oligomerization in living cells. 
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Figure 13: Coiled-coil Homology Domains Mediate c-Fes Oligomerization in vivo.  

Plasmids encoding wild-type, L145P, L334P, 2LP, R483L, and K590E c-Fes BiFC partners (YN 

and YC fusions; see Figure 10) were transiently expressed in COS-7 cells. Twenty-hours after 

transfection, cells were incubated at room-temperature for 2 hours and either fixed and stained 

with a c-Fes-specific antibody or lysed for immunoblot analysis. A) Representative fluorescent 

images of cells expressing the c-Fes BiFC partners for each of the point mutants shown as well 

as the wild-type (WT) control (top). Secondary antibodies conjugated to Alexa Fluor 594 were 

used to visualize c-Fes-positive immunostained cells. The BiFC signal and Alexa Fluor 594 

fluorescence are represented as green and red, respectively. B) The number of cells exhibiting a 
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positive BiFC signal in each transfection condition was normalized to the total number of c-Fes-

positive cells present. At least 250 cells were counted for each condition. Each experiment was 

repeated three times, and the results are presented as the mean ratios ± S.D. C) Lysates from the 

transfected cell populations shown in part A were analyzed by immunoblotting for c-Fes protein 

(top), c-Fes autophosphorylation (pFes; middle) and actin as a loading control (bottom). The 

arrows indicate the positions of the YN-Fes (YN), and YC-Fes (YC) fusion proteins. 

 

2.4.4 c-Fes forms coiled-coil-mediated oligomers in human colorectal cancer and chronic 

myelogenous leukemia cell lines. 

 Previous work has demonstrated that c-Fes is expressed in normal colonic epithelium as 

well as myeloid hematopoietic cells, and that loss of c-Fes expression correlates with tumor 

progression in both colorectal cancer and CML (67,68,80). Restoring c-Fes expression to HCT 

116 colorectal cancer and K-562 CML cells results in a growth-suppressive effect (47,67,80). To 

determine whether c-Fes forms oligomeric complexes in these biologically relevant cellular 

contexts, BiFC analysis was performed using wild-type c-Fes and the double coiled-coil c-Fes 

mutant (2LP). Transient expression of the YN- and YC-Fes fusion proteins as well as the YFP-

Fes control was achieved in HCT 116 cells using the pIRES vector system. Figure 14A shows 

that wild-type c-Fes exhibited strong BiFC-dependent fluorescence similar to the YFP-Fes 

control in HCT 116 cells, with a positive BiFC signal present in over 50% of cells expressing the 

wild-type c-Fes BiFC partners (Figure 14B). On the other hand, cells co-expressing the YN- and 

YC-Fes-2LP proteins failed to exhibit detectable YFP complementation in HCT 116 cells. 
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Together, these results indicate that c-Fes forms oligomers in colorectal carcinoma cells in a 

coiled-coil-dependent fashion. 
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Figure 14: Coiled-coil-dependent Oligomerization of c-Fes in HCT 116 Colorectal 

Carcinoma Cells. 

 HCT 116 cells were transfected with plasmids encoding wild-type c-Fes or the double coiled-

coil domain mutant (2LP) as YFP fusions or as BiFC partners using the pIRES vector shown in 

Figure 10. Twenty hours after transfection, cells were incubated at room temperature for 2 hours 

and either fixed and stained with a c-Fes-specific antibody or lysed for immunoblot analysis. A) 

Representative fluorescent images of cells expressing wild-type YFP-Fes (YFP-WT) or the 

corresponding BiFC partners (BiFC-WT) as well as the YFP fusion of the coiled-coil domain 

double mutant (YFP-2LP) or the BiFC partners of this mutant (BiFC-2LP). Secondary antibodies 

conjugated to Alexa Fluor 594 were used to visualize Fes-positive immunostained cells. YFP/ 

BiFC and Alexa Fluor 594 fluorescence are represented as green and red, respectively. B) The 

number of cells exhibiting a YFP fluorescent signal in each transfection condition was 

normalized to the total number of Fes-positive cells present. At least 250 cells were counted for 

each condition. Each experiment was repeated three times, and the results are presented as the 

mean ratios ± S.D. C) Lysates from the transfected cell populations shown in part A were 

analyzed by immunoblotting for c-Fes protein (top), c-Fes autophosphorylation (pFes; middle) 

and actin as a loading control (bottom). The arrows indicate the positions of the YFP-Fes (YFP), 

YN-Fes (YN), and YC-Fes (YC) fusion proteins. 

 

 

Immunoblots were performed on HCT 116 cell lysates to verify the expression and 

activation status of the c-Fes fusion proteins. As shown in Figure 14C, the YFP, YN, and YC 

fusion proteins of both the wild-type and 2LP c-Fes proteins are clearly present. Interestingly, 
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immunoblots of the same cell extracts with the c-Fes phosphospecific antibody (pFes) show that 

wild-type c-Fes is strongly phosphorylated on activation loop tyrosine residue Tyr-713. This is in 

contrast to transfected COS cells, where wild-type c-Fes autophosphorylation is downregulated 

in comparison to the coiled-coil domains mutants [Figures 12 and 13; see also Ref. (40)]. 

Activation of wild-type c-Fes in transfected colon carcinoma cells may be due to direct 

phosphorylation by Src-family kinases, which are often constitutively active in colorectal cancer 

cells (174).  

In K-562 CML cells, we were unable to detect translation of the YN-Fes protein from the 

pIRES plasmid (data not shown). To analyze c-Fes oligomerization in this cell line, therefore, 

separate expression vectors encoding the YN-Fes and YC-Fes fusion proteins were co-

transfected together with an RFP expression plasmid to monitor transfection efficiency. As in 

previous experiments, wild-type and 2LP mutant YFP-Fes fusion proteins were included as 

positive controls. As shown in Figure 15A, K562 cells co-expressing the wild-type c-Fes BiFC 

partners exhibited strong fluorescence, similar to that observed with the YFP-Fes control. In 

contrast, co-expression of YN- and YC-2LP did not result in fluorescence complementation, 

indicating that c-Fes oligomerization is coiled-coil-dependent in cells of myeloid lineage as well. 

Note that transfected cells are clearly present in the BiFC-2LP cell population, as indicated by 

strong fluorescence from the RFP control. Immunoblot analysis of cell lysates verified 

expression of the YN-, YC- and YFP-Fes fusion proteins in each of the transfected cell 

populations (Figure 15B). Immunoblots with the pFes phosphospecific antibody showed that 

wild-type YFP-Fes autophosphorylation was repressed in K-562 cells, but strongly activated by 

the double coiled-coil (2LP) mutation. In K-562 cells expressing the c-Fes BiFC partners, a low 
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level of autophosphorylation was observed with wild-type c-Fes which was enhanced with the 

YN- and YC-Fes 2LP mutants, consistent with the results in COS cells. 

 

 

 

Figure 15: Coiled-coil-dependent Oligomerization of c-Fes in K562 Chronic Myelogenous 

Leukemia Cells. 

K-562 cells were transfected with individual plasmids encoding wild-type c-Fes or the double 

coiled-coil domain mutant (2LP) as YFP fusions or as BiFC partners (YN-Fes + YC-Fes 

fusions). Cells were co-transfected with RFP as a marker for transfection efficiency. A) 

Representative fluorescent images of cells expressing wild-type YFP-Fes (YFP-WT) or the 

corresponding BiFC partners (BiFC-WT) as well as the YFP fusion of the coiled-coil domain 
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double mutant (YFP-2LP) or the BiFC partners of this mutant (BiFC-2LP). YFP/BiFC and RFP 

fluorescence are represented as green and red, respectively. B) Lysates from the transfected cell 

populations shown in part A were analyzed by immunoblotting for c-Fes protein (left), c-Fes 

autophosphorylation (pFes; right top) and actin as a loading control (right bottom). The arrows 

indicate the positions of the YFP-Fes (YFP), YN-Fes (YN), and YC-Fes (YC) fusion proteins. 

2.5 DISCUSSION 

The non-receptor protein-tyrosine kinases encoded by the three classic tyrosine kinase 

proto-oncogenes, c-Src, c-Abl, and c-Fes, are strictly regulated with respect to kinase activity in 

vivo. In the case of the c-Src and c-Abl, extensive X-ray crystallographic studies have provided 

tremendous insight as to the structural mechanisms responsible for downregulation of kinase 

activity in vivo (164,175). In both cases, intramolecular interactions cause these kinases to adopt 

a monomeric, downregulated conformation. In contrast, no structural information is available for 

the full-length c-Fes kinase, and the mechanism responsible for suppression of its kinase activity 

in vivo remains unclear. Previous work from our laboratory has implicated the coiled-coil 

domains as key regulators of c-Fes kinase activity in vivo, and initially led us to a model in 

which c-Fes self-regulates its kinase activity through coiled-coil-mediated monomer (inactive) to 

oligomer (active) transition (14,47,48). Prior to our study, however, the oligomeric nature of c-

Fes had not been directly examined in living cells, and no evidence for the putative inactive 

monomer existed. 

In this study, we explored c-Fes oligomerization in live cells by developing a YFP 

bimolecular fluorescence complementation (BiFC) assay, based on previous work of Kerppola 
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and colleagues for the analysis of transcription factors that also contain coiled-coil 

oligomerization domains (165,166). Here we establish for the first time that c-Fes, unlike c-Src 

and c-Abl, is a constitutive oligomer in living cells. Using COS-7 cells as a model system, we 

demonstrate that wild-type c-Fes adopts an oligomeric conformation irrespective of kinase 

domain autophosphorylation. Using previously described point mutations that disrupt the 

function of each major c-Fes domain (14,40,58), we determined that both coiled-coil domains are 

required for oligomerization in living cells. While mutation of either coiled-coil domain alone 

substantially reduced the percentage of oligomeric c-Fes molecules, the double coiled-coil 

mutant (2LP) virtually eliminated c-Fes oligomerization as reflected in the nearly complete loss 

of the BiFC signal (Figure 13). This result agrees with previous gel-filtration experiments using 

the same mutations in the context of a shorter c-Fes amino-terminal protein construct 

encompassing only the coiled-coils and the intervening protein sequence (14). In these prior 

studies, mutation of both coiled-coils was required for elution of the recombinant protein as a 

monomer. In contrast to the coiled-coil domains, disruption of either SH2 function (R483L) or 

kinase activity (K590E) was without effect on oligomerization, as both of these mutants formed 

oligomers with BiFC efficiencies similar to wild-type c-Fes in vivo (Figure 13). Previous 

chemical cross-linking studies have also suggested that the SH2 and kinase domains are not 

involved in the oligomerization of c-Fes (45). 

Upon establishing the coiled-coil domains as mediators of c-Fes oligomerization in living 

cells, we next assessed whether c-Fes also form oligomers in cell lines where it has been shown 

to produce a biological effect. Previous studies have demonstrated that re-expression of c-Fes 

suppresses anchorage-independent growth of HCT 116 colorectal cancer cells and causes growth 

arrest and terminal differentiation in K-562 CML cells (47,67,80). In these cell lines, we 
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determined that wild-type c-Fes forms coiled-coil mediated oligomers (Figures 14 and 15), 

paralleling our results in COS-7 cells and strongly suggesting that oligomerization is essential to 

c-Fes function. Unexpectedly, wild-type c-Fes was also found to be constitutively 

autophosphorylated upon expression in HCT 116 cells (Figure 14C). This observation may be 

due to the presence of active Src-family kinases in colorectal cancer cell lines (174), which can 

directly activate c-Fes by phosphorylating its activation loop tyrosine residue (Figure 12) (40).  

With the surprising revelation that c-Fes intrinsically adopts an oligomeric conformation 

regardless of the activation status of its kinase domain, the question remains as to what 

mechanism governs the tight regulation of c-Fes catalytic activity in vivo. c-Fes may self-

regulate its catalytic activity through conformational changes involving interplay of the unique 

amino-terminal region and SH2-kinase unit, an idea originally suggested by Greer (12). When c-

Fes is inactive, the coiled-coil domains may lock c-Fes in a conformation that hinders the 

association of the SH2 domain with the kinase domain. In response to upstream stimuli, such as 

proteins that bind to the coiled-coils in trans (176,177), the conformational restraints imparted by 

the coiled-coil domains may be disrupted, enabling the SH2 domain to interact with and prime 

the c-Fes kinase domain for trans-autophosphorylation and cellular signaling. This revised model 

suggests that small molecules designed to specifically bind to the coiled-coil domains may be 

potent c-Fes agonists. Such molecules may have utility in the differentiation therapy of tumor 

cells where the c-Fes protein is expressed but its catalytic activity is repressed. The proposed role 

of the SH2 domain in this model of c-Fes regulation strikes a contrast to that of c-Src and c-Abl, 

where it contributes to negative regulation of catalytic activity (164,175). 

Support for the activation mechanism described above comes from several previous 

studies as well as new data presented here. First, deletion of the c-Fes SH2 domain has been 
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shown to diminish autophosphorylation and substrate phosphorylation both in vitro and in cell-

based assays (48,59). Furthermore, an intact SH2 domain is required for c-Fes biological activity 

(fibroblast transformation), as an activated c-Fes variant (myristoyl-Fes) can be rendered 

biologically inert by SH2 domain deletion or substitution with a heterologous SH2 domain (17). 

Second, c-Fes has been shown to bind directly to its own SH2 domain (59), and this interaction 

is mediated at least in part by the kinase domain (T. Smithgall, unpublished results). In addition, 

early studies involving a viral counterpart of c-Fes (v-Fps) suggest that the SH2 domain interacts 

in cis with the kinase domain to form the active kinase conformation (13). Mild proteolysis of v-

Fps released a stable globular fragment containing the SH2 and kinase domains, consistent with 

the idea that SH2-kinase domain interaction is essential for full kinase activity (62,63). 

Very recently, the X-ray crystal structure of the c-Fes SH2-kinase region has been solved 

(64). This structure reveals that the SH2 domain indeed makes multiple contacts with the amino-

terminal lobe of the kinase domain, including the critical αC helix involved in conformational 

regulation of the active site. Mutagenesis of key residues at the SH2:kinase interface 

dramatically reduced kinase activity, firmly establishing that c-Fes kinase domain function is 

dependent upon interaction with the SH2 domain. When considered in the context of the full-

length structure, it is reasonable to postulate that amino-terminal sequences may interfere with 

the formation of this positive regulatory interface, thus repressing kinase activity. Along these 

lines, data presented in Figure 13 show that mutational disruption of the amino-terminal coiled-

coil domains causes a complete loss of oligomerization (no BiFC signal), yet result in very 

strong kinase domain autophosphorylation as well as c-Fes movement to the microtubule 

network. [Note that our previous work has established that microtubule association of c-Fes 

correlates strongly with kinase activation in COS cells (40)]. Thus the coiled-coil domains 
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contribute not only to oligomerization, but also to repression of kinase activity, possibly by 

affecting the SH2:kinase domain interaction described above. 

Alternatively, catalytic activation of c-Fes may involve an equilibrium shift from lower-

order to higher-order oligomers. Cross-linking studies suggest that c-Fes forms trimers, while 

gel-filtration experiments support the existence of oligomers as large as pentamers (45). Note 

that the BiFC analysis used here cannot distinguish between individual oligomerization states. 

Rather, BiFC only reports in a binary fashion as to whether or not c-Fes has interacted with itself 

in vivo. While further clarification of the contribution of oligomerization to c-Fes catalytic 

activity and biological function is required, it is tempting to speculate that c-Fes is primed for 

autophosphorylation and signaling through the constitutive oligomeric nature imparted upon its 

overall structure by its unique amino-terminal coiled-coil oligomerization domains. 

2.6 FOOTNOTE 

†This work was supported by National Institutes of Health Grant CA123756. 
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3.0  PROMOTER METHYLATION BLOCKS C-FES PROTEIN-TYROSINE KINASE 

GENE EXPRESSION IN COLORECTAL CANCER* 

3.1 ABSTRACT 

The c-fes locus encodes a unique non-receptor protein-tyrosine kinase (c-Fes) 

traditionally viewed as a proto-oncogene but more recently implicated as a tumor suppressor in 

colorectal cancer (CRC). Recent studies have demonstrated that while c-Fes is expressed in 

normal colonic epithelium, expression is lost in tumor tissue and colorectal cancer cell lines, a 

finding common among tumor suppressors. Here we provide compelling evidence that promoter 

methylation is an important mechanism responsible for down-regulation of c-fes gene expression 

in colorectal cancer cells. Treatment with the DNA methyltransferase inhibitor 5-aza-2’-

deoxycytidine resulted in the expression of functional c-fes transcripts in all CRC cell lines 

examined, including Caco-2, COLO 320, DLD-1, HCT 116, SNU-1040, SW-480, and HT-29. 

Bisulfite sequencing of genomic DNA isolated from 5-aza-2’-deoxycytidine-treated HT-29 cells 

identified methylated CpG dinucleotides immediately upstream from the c-fes transcription 

initiation sites.  In contrast, this region of the c-fes promoter was hypomethylated in genomic 

DNA from normal colonic epithelium. In addition, methylation completely blocked the activity 
                                                 

* This chapter has been accepted for publication: Shaffer JM, Smithgall TE. 2008. Promoter Methylation Blocks 

FES Protein-tyrosine Kinase Gene Expression in Colorectal Cancer. Genes, Chromosomes and Cancer. In Press. 
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of the c-fes promoter in reporter gene assays. Promoter methylation is a previously unrecognized 

mechanism by which c-fes expression is suppressed in CRC cell lines, and is consistent with a 

tumor suppressor role for c-fes in this tumor site despite its tyrosine kinase activity. 

3.2 INTRODUCTION 

The human c-fes locus encodes a 93 kDa protein-tyrosine kinase (c-Fes) expressed in 

myeloid, vascular endothelial, neuronal, and epithelial cells (12,13,65,67). The c-fes gene was 

first identified as the normal cellular homolog of transforming oncogenes found in avian and 

feline retroviruses (12,13). Unlike its transforming viral counterparts, which exhibit constitutive 

protein-tyrosine kinase activity, c-Fes kinase activity is strictly regulated in mammalian cells 

(15,16). However, ectopic over-expression of wild-type Fes or of activated Fes mutants causes 

oncogenic transformation of rodent fibroblasts as well as tissue hyperplasia and hemangioma 

formation in transgenic mice (14,15,28). These earlier findings led to the view that c-fes 

functions as a proto-oncogene. However, over-expression of wild-type Fes in K-562 myeloid 

leukemia cells suppresses cell growth and restores differentiation, implicating Fes as a potential 

suppressor of chronic myelogenous leukemia (17,80,87). 

Recent studies have proposed a novel role for c-Fes as a tumor suppressor in epithelial 

cells as well. Bardelli and colleagues discovered that c-fes was one of only seven genes 

exhibiting consistent colorectal cancer-associated kinase domain mutations following nucleotide 

sequence analysis of the tyrosine kinome of 182 colorectal cancers (88). While these mutations 

were initially predicted to be activating and contribute to tumorigenesis, subsequent studies have 

established that these mutations rendered c-Fes either catalytically inactive or had no effect on 
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kinase activity (67,84). Using a mouse breast epithelial cancer model system, Greer and 

colleagues determined that tumor onset occurred more rapidly in mice targeted with either null or 

kinase-inactivating c-fes mutations and that a c-fes transgene restored the kinetics of tumor onset 

in the c-fes null mice (84). Our group determined that re-expression of wild-type or activated Fes 

suppressed the growth of the Fes-negative HT-29 and HCT 116 colorectal cancer (CRC) cell 

lines in soft agar (67). Our study also showed that while c-Fes was strongly expressed in normal 

colonic epithelial cells from CRC patient samples, expression was reduced or absent in 67% of 

colon tumor sections from the same group of individuals (67).  Similarly, Fes protein expression 

was significantly reduced or absent in five of six CRC cell lines examined (67). Together, these 

results suggest that loss of c-Fes expression is a common finding in colorectal cancer, an 

observation that fits with a tumor suppressor function for c-Fes in this tumor site. However, the 

mechanisms responsible for c-Fes protein loss in colonic epithelial cells are currently unknown.  

Epigenetic silencing of tumor suppressor gene transcription, through DNA methylation 

and histone modifications, is well-recognized as a ‘third pathway’ in Knudson’s model of tumor 

suppressor inactivation in cancer (98). DNA methylation events typically occur at carbon 5 of 

cytosine in CpG (5’-CG-3’) dinucleotide sequences, a reaction that is catalyzed by DNA (C5) 

methyltransferases. In normal cells, CpG islands (CpG-rich stretches of DNA approximately 1 

kb in length) within a gene promoter are rarely methylated (113). However, when promoter CpG 

islands become hypermethylated, transcription of downstream genes is often compromised 

(113,116). In fact, methylation of a CpG island in a tumor suppressor gene promoter often leads 

to irreversible inhibition of expression (105,117-119). 

In this study, we investigated promoter methylation as a possible mechanism responsible 

for the loss of c-fes gene expression associated with colorectal cancer. We first established that 
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the absence of c-Fes protein in CRC cell lines correlates with the loss of full-length c-fes 

transcripts. Computational analysis of the c-fes promoter region revealed the presence of a 

putative CpG island surrounding the transcription initiation sites. Subsequent 5-aza-2’-

deoxycytidine demethylation experiments restored Fes gene and protein expression in all of CRC 

cell lines analyzed, and bisulfite sequencing experiments identified key methylated CpG 

dinucleotides within the c-fes promoter region that may be responsible for gene silencing. 

Finally, in vitro methylation completely blocked the activity of the c-fes promoter in reporter-

gene assays, directly implicating methylation as a major mechanism suppressing c-fes expression 

in colorectal cancer. 

3.3 MATERIALS AND METHODS 

3.3.1 Cell Culture 

Cell lines were maintained at 37 °C in a 5% CO2 humidified incubator. Caco-2 and 293T 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen). COLO 320, 

DLD-1, SNU-1040, and SW-480 cells were grown in RPMI 1640 medium (Invitrogen). HCT 

116 and HT-29 cells were grown in McCoy’s Modified 5A medium (Invitrogen). TF-1 and K-

562 cell culture has been previously detailed (14,47). All cell culture media were supplemented 

with 10% fetal bovine serum (FBS) (Atlanta Biological) and Antibiotic/Antimycotic 

(Invitrogen).  All cell lines were obtained from the American Type Culture Collection.  
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3.3.2 RT-PCR 

Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) and treated with 

TURBO DNase (Ambion) to remove contaminating traces of DNA. Random decamer-primed 

cDNA was synthesized from 1 µg of total RNA using the RETROscript Kit (Ambion). For 

semiquantitative analysis, one-tenth of each RT reaction was used in a 50 μl PCR reaction. 

Amplification of Fes and GAPDH were performed as follows: 94 °C for 2 min; 35 or 40 cycles at 

94 °C for 1 min, 59 °C or 65 °C for 30 sec, and 72 °C for 1 min; and a final extension at 72 °C 

for 10 min.  The primer pair used to amplify a 3’ portion of the c-fes transcript (280 bp PCR 

product from the kinase domain coding region) was 5’-GGACCTGGCTGCTCGGAACTG-3’ 

(sense) and 5’-CCTTCTCCACAAACTCCCGTGTC-3’ (antisense). The primer pair used to 

amplify a 5’ portion of the c-fes transcript (266 bp PCR product encompassing non-coding exon 

1 through the FCH domain coding region in exon 2) was 5’-

GAGGAGGAAGCGCGGAATCAG-3’ (sense) and 5’-CTCGAATTCTCACCCACTG-

TCCTGCAGGG-3’ (antisense). The GAPDH control was amplified using the primer pair 5’-

CCCTTCATTGACCTCAACTACATGGT-3’ (sense) and 5’- 

GAGGGGCCATCCACAGTCTTCTG-3’ (antisense) to generate a 470 bp product. Aliquots (10 

μl) of each reaction were run on 2% agarose gels and stained with ethidium bromide. 

 

3.3.3 Southern Blot Analysis 

Genomic DNA was isolated using the PureLink Genomic DNA Purification Kit 

(Invitrogen). Southern blot analysis was performed as previously described (178). Briefly, 
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aliquots of genomic DNA (10 μg) were digested overnight with 300 U each of EcoRI and 

BamHI at 37 °C. DNA fragments were resolved on an 0.8% agarose gel, denatured, and 

transferred to a nylon membrane by the capillary method in 20X SSC overnight. The DNA was 

subsequently crosslinked to the membrane by ultraviolet irradiation (Spectrolinker XL-1000; 

Stratgene). The membrane was then prehybridized for 2 hours at 42 °C in prehybridization buffer 

(50% formamide, 3X SSC, 10X Denhardt’s solution, 2% SDS, and 40 μg/ml of heat-denatured 

herring sperm DNA). Hybridization was conducted overnight at 42 °C in hybridization buffer 

(50% formamide, 3X SSC, 1X Denhardt’s solution, 5% dextran sulfate, 2% SDS, and 40 μg/ml 

of heat-denatured herring sperm DNA) containing 106 cpm/ml of each of two 32P-labeled c-fes-

specific probes described previously (178). After hybridization, the membrane was washed twice 

in 2X SSC/0.1% SDS at 42 °C for 15 min, followed by two 15 min washes in 0.2X SSC/0.1% 

SDS at 55 °C. Detection of c-fes sequences required autoradiography for five days using 

intensifying screens. 

3.3.4 5-aza-2’-deoxycytidine (5-aza-2’-dC) Treatment 

Freshly plated cells were treated with 5-aza-2’-dC (Sigma) at a final concentration of 10-

15 μM (121). The 5-aza-2’-dC treatments were renewed every 24 hours.  Total RNA, protein, or 

genomic DNA was isolated from the treated cells for analysis of c-fes mRNA levels (4 days), c-

Fes protein levels (4 days), and c-fes promoter methylation status (8 days). 
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3.3.5 Immunoprecipitation, Immunoblotting, and Antibodies 

Cultured cells were washed with PBS, harvested by centrifugation, and sonicated on ice 

in radioimmune precipitation assay (RIPA) buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 

mM EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 2 mM sodium 

orthovanadate, 25 mM sodium fluoride and Protease Inhibitor Cocktail Set III (EMD 

Biosciences)].  Fes immunoprecipitation assays were performed as described elsewhere (177). In 

brief, clarified protein lysates were incubated with a rabbit polyclonal antiserum raised against 

the Fes amino-terminal and SH2 domains (65) for 1 h at 4 °C and subsequently incubated for an 

addition hour at 4 °C with 30 μl of protein G-Sepharose beads (AP Biotech; 1:1 w/v slurry).  

Following three washes with RIPA buffer, the protein complexes were eluted from the beads by 

heating in SDS sample buffer. Immunoprecipitates were subjected to immunoblot analysis with 

antibodies to c-Fes (Santa Cruz Biotechnology, C-19; 1 μg/ml). Lysates were blotted with actin 

antibodies (Chemicon MAB1501; 1:1000 dilution) to control for equivalent amounts of input 

protein in each immunoprecipitation reaction.  

 

3.3.6 Tissue Staining 

Formalin-fixed, paraffin-embedded normal human colon surgical specimens (obtained 

from the University of Pittsburgh Health Sciences Tissue Bank) were deparaffinized in xylenes 

and rehydrated through a graded alcohol series.  Tissue sections were either stained with Harris 

hematoxylin solution and eosin Y solution (Sigma-Aldrich), or immunostained for c-Fes 

expression. For immunofluorescent staining, antigen retrieval was performed in sodium citrate 
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buffer using a microwave oven.  Cells were then blocked in PBS containing 1% normal serum 

for 1 h and incubated overnight at 4 °C with an anti-Fes primary antibody (Santa Cruz 

Biotechnology, C-19; 1:250 dilution). Immunostained tissue was visualized with secondary 

antibodies conjugated to Alexa Fluor 594 (Invitrogen). Fluorescent images were recorded using a 

Nikon TE300 inverted microscope with epifluorescence capability and a SPOT CCD high-

resolution digital camera and software (Diagnostic Instruments).  

3.3.7 Bisulfite Genomic DNA Sequencing 

Genomic DNA was extracted directly from paraffin-embedded thin sections of normal 

colonic epithelial tissue using the Pinpoint Slide DNA Isolation System (Zymo Research). 

Genomic DNA from 5-aza-2’-dC treated and untreated HT-29 cells was isolated using the 

PureLink Genomic DNA Purification Kit (Invitrogen). Genomic DNA aliquots were then treated 

with sodium bisulfite using the EZ DNA Methylation-Gold Kit (Zymo Research). The targeted 

region of the c-fes promoter [-104 to +126 relative to the first transcription initiation site (30)] 

was then amplified using a fully-nested Hot-Start Taq (Qiagen) PCR protocol. For the first PCR 

round, 2 μl of bisulfite-treated genomic DNA was amplified using the following PCR conditions: 

95 °C for 15 min, followed by 35 cycles at 94 °C for 1 min, 50 °C for 30 sec, 72 °C for 1 min 

plus a final extension at 72 °C for 10 min. Primers designed to recognize the bisulfite-modified 

362 bp (-183 to +180) region of the c-fes promoter were 5’-GTTGGGTTATTTTTTTTCGGTT-

3’ (sense) and 5’-TAAATAAATCTCTAACCCTC-3’ (antisense). For the nested PCR, the 

following PCR conditions were used: 95 °C for 15 min, followed by 35 cycles at 94 °C for 1 

min, 56 °C for 30 sec, and 72 °C for 1 min with a final extension at 72 °C for 10 min. Nested 
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primers designed to amplify within the first round PCR product were 5’-CCCAAG-

CTTGGAGTAGGGGGGTTGGTAGG-3’ (sense) and 5’-

CCCGAATTCCCTACTCTACCCCTACC-TACC-3’ (antisense), which contain HindIII and 

EcoRI restriction sites, respectively. The PCR products (257 bp: -104 to +126) were then 

subcloned into pcDNA3.1(+) (Invitrogen) and used to transform DH5α E. coli. Plasmid DNA 

was isolated from individual colonies and sequenced to determine the methylation status of the 

CpG dinucleotides within this proximal c-fes promoter region (30). 

3.3.8 Plasmid Construction and in vitro Methylation 

A previously characterized minimal c-fes promoter region (-425 to + 91) (30) was 

amplified using the following primers, which contain NheI and HindIII restriction enzyme sites, 

respectively: 5’-CCCGCTAGCAATTCCGTGAGGTGGGGAGGG-3’ (sense) and 5’-

CCCAAGCTT-GTACCCGCACGGGCAGCTGCT-3’ (antisense). The resulting PCR product 

was subcloned into pcDNA3.1(+), and the nucleotide sequence was verified. This c-fes minimal 

promoter was then digested from pcDNA3.1(+), purified, and aliquots incubated in the presence 

or absence of SssI methylase (New England BioLabs) (179). The efficiency of the methylation 

reaction was verified by resistance to cleavage by the methylation-sensitive restriction enzyme 

BstuI. The methylated and unmethylated c-fes promoter regions were then purified and ligated 

into the pGL4.14 Luciferase Assay Vector (Promega). The pGL4.14 vector contains the firefly 

luciferase reporter gene, but lacks promoter and enhancer sequences. The pGL4.14 parent vector 

lacking a promoter insert served as the negative control.  This approach was based on previous 

work by Pogribny and colleagues (179). 
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3.3.9 Transient Transfection and Luciferase Assay 

The ligation reactions from the methylated and unmethylated c-fes promoter fragments 

and pGL4.14 were combined with 3 μl of Fugene 6 in 50 μl of Opti-MEM (Invitrogen). To 

normalize for transfection efficiency, the ligation products were cotransfected with 0.12 μg of 

pGL4.74 Renilla luciferase vector. Following a 30 min room temperature incubation, the Fugene 

6/DNA transfection complex was added to 2 x 105 293T cells. Forty-eight h later, the cells were 

washed with PBS, harvested by scraping into a passive lysis buffer (Promega), and lysed 

according to the manufacturer’s protocol. Cell extracts were assayed in a Victor2 1420 multilabel 

counter (Perkin Elmer) for firefly and Renilla luciferase activity using the Dual-Luciferase 

Reporter Assay System (Promega). 

 

3.4 RESULTS 

3.4.1 c-fes Transcripts are Reduced or Absent in CRC Cells 

Recent work from our laboratory established that c-Fes protein expression is reduced or 

absent in CRC cell lines as well as primary tumor samples (67).  To determine whether loss of c-

Fes protein correlates with loss of c-fes mRNA, RT-PCR experiments were conducted on RNA 

isolated from seven CRC cell lines. RNA isolated from the human myeloid leukemia cell lines 

TF-1 and K-562 served as positive and negative controls, respectively (13,29). As shown in 

Figure 16A, c-fes expression was significantly reduced or absent in the CRC cell lines Caco-2, 
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DLD-1, HT-29, SNU-1040, and SW-480, as well as the control K-562 cell line as measured by 

RT-PCR amplification of the 3’ end of the c-fes transcript. Surprisingly, 3’ c-fes RT-PCR 

products were observed in COLO 320 and HCT 116 at levels similar to TF-1 cell positive 

control, possibly suggesting that post-transcriptional events are responsible for the lack of Fes 

protein previously reported for these two CRC cell lines (67). However, amplification of a 5’ 

portion of the c-fes transcript (exon 1 through FCH domain in exon 2) established c-fes 

expression was significantly reduced or absent in all of the CRC cell lines (Figure 16B), 

including COLO 320 and HCT 116 (Figure 16B). These observations imply that the 3’ PCR 

products observed in Figure 16A with COLO 320 and HCT 116 cells are derived from 

incomplete transcripts and are non-functional. To verify the integrity of the c-fes gene, Southern 

blot analysis was performed as previously described (178). Figure 16C shows that probes 

specific for the 5’ and 3’ ends of the c-fes gene detected restriction fragments of the expected 

lengths (5’, 5.05 kb; 3’, 4.16 kb) for all of the samples tested, confirming that the c-fes gene is 

present and not grossly rearranged in the CRC or myeloid cell lines used in this experiment. 

 74 



506
396
344
298

C
A

C
O

-2
C

O
LO

 3
20

D
LD

-1
H

C
T 

11
6

H
T-

29
SN

U
-1

04
0

SW
-4

80

K-
56

2

-c
D

N
A

TF
-1

St
d

Colorectal Cancer Myeloid

C
A

C
O

-2
C

O
LO

 3
20

D
LD

-1
H

C
T 

11
6

H
T-

29
SN

U
-1

04
0

SW
-4

80

K-
56

2

-c
D

N
A

TF
-1

St
d

Colorectal Cancer Myeloid

3’ c-fes

3’ c-fes (-RT)

GAPDH

A

B

C

C
A

C
O

-2

C
O

LO
 3

20
D

LD
-1

H
C

T 
11

6
H

T-
29

SN
U

-1
04

0
SW

-4
80

K-
56

2

TF
-1

Colorectal Cancer Myeloid

C
A

C
O

-2

C
O

LO
 3

20
D

LD
-1

H
C

T 
11

6
H

T-
29

SN
U

-1
04

0
SW

-4
80

K-
56

2

TF
-1

Colorectal Cancer Myeloid

3’- 4.16 kb
5’- 5.05 kb

C
A

C
O

-2
C

O
LO

 3
20

D
LD

-1
H

C
T 

11
6

H
T-

29
SN

U
-1

04
0

SW
-4

80

K-
56

2

-c
D

N
A

TF
-1

St
d

Colorectal Cancer Myeloid

C
A

C
O

-2
C

O
LO

 3
20

D
LD

-1
H

C
T 

11
6

H
T-

29
SN

U
-1

04
0

SW
-4

80

K-
56

2

-c
D

N
A

TF
-1

St
d

Colorectal Cancer Myeloid

5’ c-fes

5’ c-fes (-RT)

GAPDH

396
344
298

506
396
344
298

 

 

 75 



Figure 16: Transcription of c-fes is Low or Absent in Colorectal Cancer Cell Lines.  

Total RNA and genomic DNA were isolated from colorectal cancer (Caco-2, COLO 320, DLD-

1, HCT 116, HT-29, SNU-1040, and SW-480) and myeloid leukemia (TF-1 and K-562) cell lines 

for RT-PCR and Southern blot analyses, respectively. A) RT-PCR analysis of c-fes (3’ region: 

280 bp) and GAPDH (470 bp) mRNA levels. Control reactions lacking reverse transcriptase (-

RT) are also shown. PCR reactions were analyzed after 35 cycles. Representative images of 

ethidium bromide-stained agarose gels are shown; images inverted for clarity. The experiment 

was repeated three times with comparable results. B) RT-PCR analysis of c-fes (5’ region: 266 

bp) and GAPDH (470 bp) mRNA levels. Control reactions lacking reverse transcriptase (-RT) 

are also shown. PCR reactions were analyzed after 40 cycles for c-Fes and 35 cycles for 

GAPDH. Representative images of ethidium bromide-stained agarose gels (inverted for clarity) 

are shown. The experiment was repeated two times with comparable results.  C) Southern blot 

analysis of the c-fes gene in colorectal cancer and myeloid leukemia cell lines. Genomic DNA 

(10 μg) from each cell line were digested with EcoRI and BamHI, resolved on an agarose gel, 

and transferred to a nylon membrane. The membrane was probed with DNA fragments specific 

for the 5’ and 3’ ends of the c-fes gene (178). Comparable results were obtained from three 

independent experiments. 

 

3.4.2 The c-fes Promoter Harbors a Potential CpG Island 

Normally unmethylated CpG islands may become hypermethylated in tumors, leading to 

irreversible inhibition of gene expression (105,118). Previous findings have suggested that a 

CpG island may exist at the 5’ end of the human c-fes locus (180). To determine whether a CpG 
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island exists within the c-fes promoter, the DNA sequence was analyzed using the EMBOSS 

CpGPlot program, which detects regions of genomic DNA sequences that are rich in the CpG 

dinucleotide pattern (181). As shown in Figure 17A, a 375 bp CpG island was identified in the 

human c-fes promoter at nucleotide positions -249 to +126 relative to the first transcription 

initiation site (30). Feline and mouse c-fes promoter sequences were also analyzed for the 

presence of CpG islands. Figure 17B shows that a putative 323 bp CpG island is also present 

within feline c-fes promoter, while sequence analysis failed to detect a CpG island within the 

mouse c-fes promoter (data not shown). Whether or not promoter methylation is a unique 

regulatory feature of the human and cat promoters and does not operate in mice will require 

further investigation.  For the human c-fes promoter, note the high density of CpG dinucleotides 

(red) located near the transcription initiation sites (underlined) (Figure 17C). Methylation of even 

a small core region near a transcription start site is often sufficient for gene silencing (118). 
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Figure 17: Computational Analysis Reveals Potential CpG Islands within the Human and 

Feline c-fes Promoters.   

A) A 375 bp CpG-rich region (-249 to +126 relative to the first transcription initiation site) was 

identified in the 1 kb human c-fes promoter region using the EMBOSS CpGPlot program (181).  

The position of the first transcriptional start site is indicated by the arrow.  B) A potential 323 bp 

CpG island also exists with the feline c-fes promoter. C) Potentially methylated cytosines (red) 

are indicated within the human CpG island (bold). Exon 1 is indicated by upper case letters. The 

transcription initiation sites in exon 1 are underlined (30). 

 

3.4.3 Demethylation Restores Expression of Functional c-fes Transcripts 

To establish a role for DNA methylation in the repression of c-fes gene expression 

observed in Figure 16, the same panel of CRC and myeloid leukemia cell lines was treated with 

the demethylation reagent 5-aza-2’-deoxycytidine (5-aza-2’-dC) followed by RT-PCR analysis 

of the 3’ and 5’ regions of the c-fes transcript as in Figure 16.  5-aza-2’-dC treatment leads to 

rapid loss of DNA cytosine-C5 methyltransferase activity, because the enzyme becomes 

irreversibly bound to 5-aza-2’-dC upon incorporation into DNA [reviewed in (105)]. As shown 

in Figure 18A, RT-PCR analysis revealed that the 3’ region of the c-fes transcript was restored in 

Caco-2, DLD-1, HT-29, SNU-1040, SW-480, and K-562 cells following four-day treatment with 

5-aza-2’-dC. In addition, RT-PCR products corresponding to the 5’end of the c-fes transcript 

were restored in all seven CRC cell lines as well as K562 cells upon 5-aza-2’-dC treatment, 

suggesting that functional transcripts are now present in each of these cell lines (Figure 18B). 

The nucleotide sequences of all c-fes RT-PCR products were confirmed (data not shown). 
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To determine whether the c-fes RT-PCR products were derived from functional mRNA 

transcripts, lysates from 5-aza-2’-dC-treated cells were examined for c-Fes protein by 

immunoprecipitation followed immunoblotting. As shown in Figure 18C, 5-aza-2’-dC treatment 

restored c-Fes protein in Caco-2, DLD-1, HT-29, SNU-1040, SW-480, COLO 320, HCT 116, 

and K-562 cells, demonstrating the functionality of the c-fes transcripts.  Regarding the two cells 

lines that exhibited 3’ but not 5’ transcripts in Figure 16, no truncated c-Fes protein products 

were observed in COLO 320 suggesting the 3’ transcripts were not functional. On the other 

hand, two c-Fes truncation variants at ~90 and 92 kDa were observed in HCT 116 cells, 

suggesting that the observed 3’ RT-PCR products are amplified from partial c-fes transcripts.  

TF-1 cells were used as a positive control for c-Fes protein expression in this experiment.  These 

results demonstrate that expression of functional c-fes transcripts in colorectal cancer cell lines, 

as well as K-562 CML cells, is restored in response to treatment with a DNA methyltransferase 

inhibitor. 
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Figure 18: 5-aza-2’-deoxycytidine Treatment Restores Functional c-fes Transcripts in 

Colorectal Cancer Cell Lines.  

Colorectal cancer (Caco-2, COLO 320, DLD-1, HCT 116, HT-29, SNU-1040, and SW-480) and 

myeloid leukemia (TF-1 and K-562) cell lines were incubated with (+) or without (-) 10 μM 5-

aza-2’-dC for four days. A) RT-PCR analysis of c-fes (3’ region: 280 bp) and GAPDH (470 bp) 

transcript levels from treated vs. untreated cells. Controls reactions lacking reverse transcriptase 

(-RT) are also shown. PCR reactions were analyzed after 35 cycles. Representative images of 

ethidium bromide-stained agarose gels are inverted for clarity. B) RT-PCR analysis of c-fes (5’ 

region: 266 bp) and GAPDH (470 bp) transcript levels from treated vs. untreated cells. Controls 

reactions lacking reverse transcriptase (-RT) are also shown. PCR reactions were analyzed after 

40 cycles for c-Fes or 35 cycles for GAPDH. Representative images of ethidium bromide-stained 

agarose gels are inverted for clarity. C) c-Fes kinase protein was immunoprecipitated from 

control and 5-aza-2’-dC treated cells using an antibody generated against its amino-terminal and 

SH2 regions. Immunoprecipitates were then immunoblotted with an antibody raised against the 

carboxyl-terminus of c-Fes (upper panel).  Fes was immunoprecipitated from TF-1 myeloid 

leukemia cells as a positive control (far right lane).  The position of the immunoreactive 93 kDa 

c-Fes bands from the 5-aza-2’-dC-treated cultures are indicated with the arrowheads.  Cell 

lysates were blotted with an anti-actin antibody to ensure equivalent levels of input protein for 

each immunoprecipitation reaction (lower panel). All experiments were repeated two or three 

times with comparable results. 
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3.4.4 The c-fes Promoter is Extensively Methylated in CRC Cells 

We next investigated whether the putative CpG dinucleotides predicted to lie within the 

c-fes promoter were hypermethylated in CRC cell lines. First, we established the baseline 

methylation pattern of the c-fes promoter under physiological conditions by performing sodium 

bisulfite sequencing on genomic DNA isolated from normal human colonic epithelium.  For 

these experiments, thin sections of formalin-fixed paraffin-embedded normal human colon tissue 

were immunostained to confirm c-Fes expression.  A representative section is shown in Figure 

19A, and displays both normal colonic microanatomy as well as strong epithelial staining for c-

Fes protein.  Genomic DNA was isolated directly from a serial section of this sample, subjected 

to bisulfite treatment, and the c-fes promoter sequence surrounding the transcription start site was 

amplified by PCR.  The PCR product was then subcloned into a plasmid vector and 26 individual 

clones were sequenced. The methylation status of the eleven CpG dinucleotides immediately 

upstream of the first c-fes transcription start site are presented in Figure 19B.  These c-fes 

promoter CpG dinucleotides are largely demethylated, consistent with the strong Fes staining 

observed in colonic epithelium.  Note that 13 of the 26 clones were completely unmethylated, 

with an additional eight sequences exhibiting only a single methylated CpG dinucleotide at a 

distance of 76 nucleotides or greater from the transcriptional start site. 
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Figure 19: c-Fes Protein Expression in Normal Colonic Epithelium Correlates with 

Hypomethylation of the c-fes Promoter.  

A) Thin sections of formalin-fixed paraffin-embedded normal colonic epithelial tissue were 

stained with hematoxylin and eosin (H&E; 100X; top) or immunostained with c-Fes antibodies 

and visualized with secondary antibodies conjugated to Alexa Fluor 594 (α-Fes; 400X; bottom).  

No immunofluorescence was observed without the primary Fes antibody (data not shown).  B) 

Methylation status of the eleven CpG dinucleotides immediately preceding the first c-fes 
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transcription initiation site. Genomic DNA was isolated directly from the normal colonic 

epithelial tissue sections and treated with sodium bisulfite.  The c-fes promoter region was PCR-

amplified and subcloned into the plasmid vector pcDNA3.1. The rows of circles summarize the 

bisulfite sequencing results from each of 26 independent clones.  Open circles represent 

unmethylated CpG dinucleotides, while filled circles represent methylated CpG sites. The 

position of each CpG nucleotide relative to the first c-fes transcription initiation site is indicated 

at the top.  

 

 

To determine whether CpG dinucleotides near the start site of c-fes transcription are 

hypermethylated in colorectal cancer cells, DNA sequence analysis was performed on individual 

clones of bisulfite-treated genomic DNA isolated from both untreated and 5-aza-2’-dC-treated 

HT-29 cells as described above for normal colonic epithelium.  As shown in Figure 20A, the 

proximal c-fes promoter from untreated HT29 cells was heavily methylated in comparison to 

normal colonic epithelium (Figure 20B), with only 3 of 30 clones unmethylated (10%) and many 

of the remaining clones showing multiple sites of methylation.  In contrast, treatment with 5-aza-

2’-dC induced a dramatic decrease in methylation at nine of eleven CpG sites, with the extent of 

methylation at seven of the sites reduced by more than 50% compared to the untreated control 

(Figure 20). Note that complete demethylation of all eleven CpG sites was observed in 13 of 34 

clones (38%) from HT-29 cells treated with 5-aza-2’-dC. This reduction in promoter methylation 

in response to 5-aza-2’-dC treatment correlates with the re-expression of the c-fes gene (Figure 

18), strongly suggesting that methylation directly controls c-fes gene expression. 
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Figure 20: Bisulfite Sequencing Reveals Extensive c-fes Promoter Methylation in HT-29 

Cells Which is Reversed by 5-aza-2’-dC Treatment.  

HT-29 cells were grown in the presence or absence of 15 μM 5-aza-2’-dC for eight days. 

Genomic DNA was isolated, treated with sodium bisulfite, and the c-fes promoter region was 

PCR-amplified and subcloned into the plasmid vector pcDNA3.1. A) Methylation status of the 

eleven CpG dinucleotides immediately preceding the first c-fes transcription initiation site in 

untreated HT-29 cells. The rows of circles summarize the bisulfite sequencing results from each 

of 30 independent clones.  Open circles represent unmethylated CpG nucleotides, while filled 

circles represent methylated CpG sites. The position of each CpG nucleotide relative to the first 

c-fes transcription initiation site is indicated at the top.  B) Methylation status of the proximal c-

fes promoter in 5-aza-2’-dC treated HT-29 cells.  Bisulfite sequence analysis of the c-fes 

promoter was performed as in part A, except 34 individual clones were sequenced.  This entire 

experiment was repeated twice with comparable results. 

 

3.4.5 In vitro Methylation Blocks c-fes Promoter Activity 

To determine whether methylation directly impacts c-fes promoter activity, an in vitro 

methylation assay was performed using the dual-luciferase reporter assay. A previously defined 

minimal c-fes promoter (-425 to +91) with robust activity (30) was methylated in vitro using the 

SssI methylase, and ligated upstream of the firefly luciferase coding sequence in the pGL4.14 

vector.  The efficiency of the methylation reaction was verified by resistance to BstuI restriction 

enzyme cleavage (data not shown). Human 293T epithelial cells were then transfected with the 

ligation products and cells extracts were assayed for firefly luciferase activity. Luciferase activity 
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from the methylated c-fes promoter and vector control are expressed relative to activity of the 

unmethylated c-fes promoter. As shown in Figure 21, methylation completely blocked c-fes 

promoter activity, to the same level as the promoterless vector control. This result strongly 

implies that promoter methylation is one important mechanism that directly governs expression 

of the c-fes gene in colorectal cancer and possibly other tumor sites where c-fes is normally 

expressed (e.g., breast epithelium, myeloid cells) (12,13,65,67). 

 

F-Luc

F-Lucc-fes promoter

F-LucSssI

0 25 50 75 100

Relative Luciferase Activity

c-fes promoter

 

 

Figure 21: Methylation Regulates c-fes Promoter Activity in vitro. 

Relative firefly luciferase activity after in vitro methylation of c-fes promoter fragments using 

the Dual Luciferase Reporter Assay System (Promega). A minimal c-fes promoter region (-425 

to + 91) was methylated in vitro using SssI methylase. Control and methylated c-fes promoter 

regions were then purified, ligated into the pGL4.14 Luciferase Assay Vector, and transfected 

into 293T cells along with the Renilla luciferase control vector. Forty-eight h later, the cells were 

washed and assayed for luciferase activity.  Firefly luciferase activity was normalized to the 
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Renilla luciferase control, and activity from the methylated c-fes promoter and vector control are 

expressed relative to the unmethylated c-fes promoter (set to 100%). Tick marks represent 

methylation of c-fes promoter CpG dinucleotides by the SssI methylase.  Data presented 

represent the mean + S.D. of three independent experiments. 

3.5 DISCUSSION 

Although c-fes has been historically viewed as a proto-oncogene because of its protein-

tyrosine kinase activity, several recent reports have established a tumor suppressor function for 

c-fes in epithelial cancers (67,84). Greer and colleagues determined that null or kinase-

inactivating c-fes mutations accelerated tumor onset in a mouse breast epithelial cancer model 

system (84). Importantly, the kinetics of tumor onset in targeted c-fes null mice was restored 

with a c-fes transgene in this study, allowing direct attribution of the effect on tumor latency to c-

fes gene loss. Recent work from our group has demonstrated that loss of Fes protein expression 

is a common feature of both CRC cell lines as well as primary colon tumor specimens (67).  We 

also determined that re-expression of wild-type or activated Fes in the CRC cell lines HT-29 and 

HCT 116 suppressed transformed colony growth in soft agar (67). Furthermore, re-expression of 

wild-type or activated Fes in HCT 116 cells almost completely suppresses invasion through a 

matrigel matrix, without affecting cell proliferation or viability (J. Shaffer and T. Smithgall, 

unpublished observation). While these previous studies support a tumor suppressor role for c-Fes 

in colorectal and other epithelial cancers, the mechanism responsible for the loss of c-Fes 

expression in tumor cells has not been investigated.  
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Data presented here are the first to define a mechanism by which c-fes gene expression is 

repressed in colorectal cancer.  First, we established that full-length c-fes transcripts are absent in 

seven independent colorectal cancer cell lines, suggesting that the loss of c-Fes protein 

previously observed in these cell lines (67) results directly from down-regulation of c-fes gene 

expression (Figure 16).  Based on EMBOSS CpGPlot identification of a CpG island in the 

human c-fes promoter (Figure 17), we hypothesized that methylation of CpG dinucleotides 

within the c-fes promoter downregulates c-Fes expression in CRC cell lines. Using the potent 

demethylation agent 5-aza-2’-dC, we re-established c-fes gene expression in each CRC cell line 

(Figures 18A and 18B). These data directly implicate promoter methylation as a key mechanism 

governing c-fes transcription in colorectal cancer cell lines.  Treatment with 5-aza-2’-dC also 

restored expression of full-length (93 kDa) c-Fes protein in each CRC cell line and in K562 

CML cells, demonstrating that the RT-PCR products were derived from functional c-fes 

transcripts (Figure 18C).  Of interest is the observation that truncated variants of c-Fes were 

observed in untreated HCT 116 cells. However, full-length c-Fes was only expressed in HCT 

116 cells upon 5’-aza’-2-dC treatment, suggesting that expression of the full-length protein is 

controlled by promoter methylation in this cell line. 

In addition to the CRC cell lines, we also observed that 5-aza-2’-dC treatment restored 

functional c-fes transcripts in the cell line K-562, which was derived from the blast crisis phase 

of chronic myelogenous leukemia (78). Previous work has established that c-fes expression is 

undetectable in K-562 cells, despite being of myeloid origin (30,68,80) and having an intact c-fes 

locus (178).  Re-introduction of c-fes has been shown to cause growth suppression and 

differentiation in K562 cells, suggesting a tumor suppressor function for c-fes in CML as well.  

Consistent with our observations, Alcalay et al. reported that the c-fes promoter was 

 90 



hypomethylated in the myeloid leukemia cell lines HL-60, KG-1, and U937 (180), all of which 

strongly express c-Fes (68).  

In order to attribute c-fes gene downregulation to methylation of specific CpG 

dinucleotides within the c-fes promoter CpG island, we performed sodium bisulfite sequencing 

on the c-fes promoter from 5-aza-2’-dC-treated HT-29 cells. Using the methylation pattern of 

CpG dinucleotides from the c-fes promoter in normal colonic epithelial cells for comparison 

(Figure 19B), we found that several CpG sites within the c-fes promoter were heavily methylated 

in HT-29 cells (Figure 20A).  These sites consistently exhibited reduced methylation following 

5-aza-2’-dC treatment (Figure 20B). The actual degree of demethylation is most likely an 

underestimate, as 5-aza-2’-dC inhibits DNA (cytosine-C5) methyltransferase activity but does 

not remove pre-existing methylated cytosine residues (105). These methylated CpG 

dinucleotides lie in regions that can inhibit c-fes gene transcription through one of two 

mechanisms. First, transcription factor binding may be inhibited by methylated CpG 

dinucleotides. While transcription factors controlling c-fes gene expression in colonic epithelial 

cells are not known, factors that regulate c-fes in myeloid cells have been extensively 

characterized.  These include the ubiquitous transcription factor Sp1, the hematopoietic cell-

specific factor PU.1/Spi-1, and a c-fes expression factor (FEF) that is not present in human 

epithelial cells (29,34,35).  Note that the DNA binding and transcriptional activities of Sp1, 

whose consensus binding site contains a central CpG site, are not influenced by methylation 

(182,183). However, methylation may influence the DNA binding and transcriptional activities 

of tissue-specific transcription factors that drive c-fes expression both in myeloid and epithelial 

cells. A second possible mechanism by which promoter methylation down-regulates c-fes 

expression may involve methylation-dependent recruitment of nucleoprotein factors such as the 
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methyl-CpG-binding proteins MeCP1 and MeCP2, which in turn deny access to transcription 

factors (154-158,184).  Future studies will define the precise mechanism by which methylation 

inhibits c-fes expression. 

Data presented here also provide direct evidence that methylation governs c-fes promoter 

activity. In vitro methylation of a robustly active c-fes promoter (30) that mimics methylation 

patterns observed by bisulfite sequencing of HT-29 cell genomic DNA completely blocked the 

activity of the c-fes promoter in a reporter gene assay (Figure 21).  This result suggests that 

methylation directly governs c-fes gene expression in CRC cell lines.   

DNA methylation is a well-documented epigenetic mechanism altering gene expression 

in a variety of tumor types. Hypermethylation of tumor suppressor genes effectively abolishes 

their transcription, while hypomethylation of proto-oncogenes increases their transcription 

(117,119). In colorectal cancers, hypermethylation is a frequent event resulting in the silencing 

of well known tumor suppressors such as P16/CDKN2A/INK4A and P14/ARF (98,185-188). 

Here, we identify for the first time a candidate protein-tyrosine kinase tumor-suppressor gene 

that is hypermethylated in colorectal cancers. Through demethylation treatment, sodium bisulfite 

sequencing, and in vitro methylation assays, we have established that loss of c-fes expression in 

colorectal cancers may be due in part to methylation of CpG sites within the c-fes promoter. 

Selective re-expression of the c-fes tyrosine kinase gene with demethylation agents or other 

small molecules may be of value in CRC therapy. 
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3.7 FES PROMOTER METHYLATION AND PROTEIN EXPRESSION ANALYSIS 

IN HUMAN COLON SURGICAL SPECIMENS 

As described in the first part of Chapter 3, promoter methylation regulates Fes gene and 

protein expression in colorectal cancer cell lines. To summarize our key findings, treatment of 

seven CRC cell lines with the potent demethylation agent 5-aza-2’-deoxycytidine resulted in 

expression of both the c-fes gene and full-length c-Fes protein products (Figure 18). This 

correlates strongly with a decrease in c-fes promoter methylation as measured by sodium 

bisulfite sequencing (HT-29 CRC cells: Figure 20). In this section of Chapter 3, we extended our 

analysis to human surgical specimens. Using colorectal cancer patient surgical specimens, our 

laboratory previously determined that c-Fes expression was reduced or absent in 67% of tumor 

tissues when compared to matched normal tissue (67). To define a mechanism responsible for 

this reduced expression, we analyzed the status of c-fes promoter methylation in colorectal 

cancer patient-derived tissue samples. In conjunction with this, we performed 
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immunofluorescence staining analysis of c-Fes protein expression on the same patient samples to 

establish a mechanism by which c-Fes expression is lost in human colorectal cancers. 

3.8 MATERIALS AND METHODS 

3.8.1 Cell Culture and 5-aza-2’-deoxycytidine Treatments 

Cell lines were maintained at 37 °C/5% CO2 in a humidified incubator and grown in 

either McCoy’s Modified 5A (HT-29) or RPMI (COLO 320) medium that was supplemented 

with 10% FBS (Gemini Biosciences) and Antibiotic/Antimycotic (Invitrogen). To induce 

demethylation, freshly plated cells were treated at a final concentration of 10 μM 5-aza-2’-dC for 

4 days. The treatments were renewed every 24 hours. 

3.8.2 Immunofluorescence Staining 

Formalin-fixed, paraffin-embedded normal and matched tumor human colon surgical 

specimens (obtained from the University of Pittsburgh Health Sciences Tissue Bank) were 

deparaffinized in xylenes and rehydrated through a graded alcohol series. Tissue sections were 

either stained with Harris hematoxylin solution and eosin Y solution (Sigma-Aldrich), or 

immunostained for c-Fes expression. For immunofluorescence staining of tissue, antigen 

retrieval was performed in sodium citrate buffer using a microwave oven. For 

immunofluorescence staining of colorectal cancer cell lines, HT-29 and COLO 320 cells were 

fixed with 4 °C paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100. Cells 
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were then blocked in PBS containing 1% normal serum for 1 h and incubated overnight at 4 °C 

with an anti-Fes primary antibody (Santa Cruz Biotechnology, C-19; 1:250 dilution). 

Immunostained cells and tissue were visualized with secondary antibodies conjugated to Alexa 

Fluor 594 (Invitrogen). Fluorescent images were recorded using a Nikon TE300 inverted 

microscope with epifluorescence capability and a SPOT CCD high-resolution digital camera and 

software (Diagnostic Instruments).  

3.8.3 Bisulfite Genomic DNA Sequencing 

Genomic DNA from normal and tumor colonic epithelial tissue was extracted directly 

from paraffin-embedded thin sections of from the same patient using the Pinpoint Slide DNA 

Isolation System (Zymo Research). In this system, a solution is applied to deparaffinized tissue 

of interest. Once the solution is dried, underlying cells are embedded within. Following 

Proteinase K digestion and DNA purification, the DNA is ready for use. Genomic DNA aliquots 

were then treated with sodium bisulfite using the EZ DNA Methylation-Gold Kit (Zymo 

Research). The targeted region of the c-fes promoter [-104 to +126 relative to the first 

transcription initiation site (30)] was then amplified using a fully-nested Hot-Start Taq (Qiagen) 

PCR protocol. For the first PCR round, 2 μl of bisulfite-treated genomic DNA was amplified 

using the following PCR conditions: 95 °C for 15 min, followed by 35 cycles at 94 °C for 1 min, 

50 °C for 30 sec, 72 °C for 1 min plus a final extension at 72 °C for 10 min. Primers designed to 

recognize the bisulfite-modified 362 bp (-183 to +180) region of the c-fes promoter were 5’-

GTTGGGTTATTTTTTTTCGGTT-3’ (sense) and 5’-TAAATAAATCTCTAACCCTC-3’ 

(antisense). For the nested PCR, the following PCR conditions were used: 95 °C for 15 min, 
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followed by 35 cycles at 94 °C for 1 min, 56 °C for 30 sec, and 72 °C for 1 min with a final 

extension at 72 °C for 10 min. Nested primers designed to amplify within the first round PCR 

product were 5’-CCCAAG-CTTGGAGTAGGGGGGTTGGTAGG-3’ (sense) and 5’-

CCCGAATTCCCTACTCTACCCCTACC-TACC-3’ (antisense), which contain HindIII and 

EcoRI restriction sites, respectively. The PCR products (257 bp: -104 to +126) were then 

subcloned into pcDNA3.1(+) (Invitrogen) and used to transform DH5α E. coli. Plasmid DNA 

was isolated from individual colonies and sequenced to determine the methylation status of the 

CpG dinucleotides within this proximal c-fes promoter region (30). 

3.9 RESULTS 

3.9.1 c-fes Promoter is Hypermethylated in Colon Tumor Tissue 

Colorectal cancer cell line analyses suggest a role for c-fes promoter methylation in the 

downregulation c-Fes expression. To determined whether the c-fes promoter is hypermethylated 

in tumors from human colorectal cancer patients, sodium bisulfite DNA sequencing was 

performed on genomic DNA isolated from matched normal and tumor colonic epithelial tissue 

(eight surgical specimens total) (Figure 22). Two patient cases (A: 26475 and B: 29554) 

exhibited no methylation of the c-fes promoter in either normal- or tumor-derived genomic DNA. 

In one patient case (C: 20316), methylation of the c-fes promoter was detected in both normal- 

and tumor-derived genomic DNA, with a slight increase observed for the tumor-derived gDNA. 

For five patient cases, an increase in methylation was observed for tumor-derived genomic DNA 

in comparison to genomic DNA isolated from normal tissue. Of note is that while two cases (D: 
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27704 and E: 1066) had a mild (1-10%) increase in c-fes promoter methylation in tumor tissue-

derived genomic DNA, three patient cases (F: 27941, G: 27208, and H: 25465) had moderate 

(11-20%) increases in methylation of the c-fes promoter in tumor-derived genomic DNA relative 

to normal tissue. In summary, the c-fes promoter was hypermethylated in genomic DNA isolated 

from tumors, relative to normal tissue, in five of eight colorectal cancer patients. 
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Figure 22: c-fes Promoter is Hypermethylated in Colonic Epithelium Tumors 

Methylation status of the eleven CpG dinucleotides immediately preceding the first c-fes 

transcription initiation site was analyzed in genomic DNA samples isolated directly from both 

normal and tumor-tissue sections in eight human surgical samples (A-H). The samples were 

treated with sodium bisulfite, PCR-amplified, and then subcloned into the pcDNA3.1(+) plasmid 

vector. The rows of circles represent the bisulfite sequence results of each individual clone. Open 

circles are representative of unmethylated CpG dinucleotides, and filled circles represent 

methylated CpG sites. Clinical details (case #: age, gender, stage) are provided for each patient 

case as well as the percentage of methylated CpG dinucleotides relative to the total CpG 

dinucleotides analyzed per sample. 

 

3.9.2 c-Fes Protein Expression is Lost in Colon Tumor Tissue 

To correlate c-Fes protein expression in human colorectal cancer patient samples to the 

methylation status of the c-fes promoter, the aforementioned colorectal cancer patient samples 

were immunostained with an antibody directed at the carboxyl-terminus of c-Fes (Fes C19; Santa 

Cruz Biotechnology). As controls, two colorectal cancer cell lines that express c-Fes protein only 

upon treatment with 5-aza-2’-dC [HT-29 and COLO 320: (67) and Figure 17C] were 

immunostained. Similar to the immunoprecipitation experiments, c-Fes expression was not 

observed in untreated cells (Figure 23: Untreated), but was observed in 5-aza-2’-dC treated cells 

(Figure 23: Treated). In line with past c-Fes expression data, the pattern was largely a diffuse 

cytoplasmic distribution pattern in both cell lines (17,39,40,65). In addition, cell periphery 
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staining was observed for c-Fes in a subset of COLO 320 cells (demarked by arrows), an 

observation previously made for CACO-2 cells over-expressing c-Fes (Frank Delfino, 

unpublished observation). This localization potentially implicates c-Fes in the modulation of 

cell-cell adhesion, a process intimately associated with cancer cell invasion that c-Fes has been 

demonstrated to suppress (J. Shaffer, unpublished observation). 

 

 

 

Figure 23: c-Fes Protein is Expressed in Colorectal Cancer Cells Treated with 5-aza-2’-dC 

Colorectal cancer (HT-29 and COLO 320) cell lines were incubated with (Treated) or without 

(Untreated) 10 μM 5-aza-2’-dC for four days and then fixed and stained with a c-Fes-specific 

antibody. Representative fluorescent images of immunostained cells are shown. Secondary 
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antibodies conjugated to Alexa Fluor 594 were used to visualize c-Fes-positive immunostained 

cells (red).   

 

 

 For the human surgical specimens, three expression profiles were observed (Figure 24). 

For two patient samples (A: 26375 and B: 29554), undetectable/very weak c-Fes expression was 

observed in both normal and tumor colon tissue. For three samples (C: 20316, D: 27704, and E: 

1066), weak expression of c-Fes was detected in both normal and tumor colon tissue. Last, for 

three samples (F: 27941, G: 27209, and H: 25465), moderate to strong expression of c-Fes was 

observed in normal colon tissue, while weak to no expression was observed for c-Fes in matched 

tumor tissue. In Summary, loss of c-Fes expression is associated with colon tumors in patients 

where c-Fes is moderately to strongly expressed in the normal colonic epithelium. In these three 

cases, loss of c-Fes protein expression in the tumor tissue correlates with increases in 

methylation of the c-fes promoter (discussed below). 
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Figure 24: c-Fes Protein Expression is Reduced in Colorectal Cancer Tissue. 

Adult human colon serial sections were either stained with hematoxylin & eosin (Columns 1 & 

2; 100X) to identify normal and tumor histology or an antibody raised against the carboxyl-

terminus of c-Fes to detect c-Fes expression (Columns 3 & 4; 400X). Cells positive for c-Fes 

were visualized with a secondary antibody conjugated to Alexa Fluor 594. Clinical details (case 

#: age, gender, stage): A) 26375: 82, F, T1N0Mx. B) 29554: 91, F, T3N0Mx. C) 20316: 39, F, 

T2N0Mx. D) 27704: 84, M, T3N0Mx. E) 1066, 69, M, T2N0Mx. F) 27941: 70, M, T2N0Mx. G) 

27208: 67, F, T2N0Mx. H) 25465: 68, M, T3N2Mx. 

3.10 DISCUSSION  

A role for c-Fes as a tumor suppressor in colorectal cancer continues to emerge as c-Fes 

has been demonstrated to suppress both the growth in soft agar (67) and invasion through 

matrigel (J. Shaffer, unpublished observation) of colorectal cancer cell lines. In addition, Greer 

and colleagues have implicated c-Fes as a tumor suppressor using a mouse model of breast 

epithelial cancer (84). Also of interest is that loss of c-Fes expression is associated with 

colorectal cancer cell lines and patient derived tumors, a finding common among tumor 

suppressors (67). In the first part of Chapter 3, we determined that Fes gene and protein 

expression is suppressed in colorectal cancer cell lines through c-fes promoter methylation. 

However, the mechanism associated with repression of c-Fes in human surgical specimens has 

not been analyzed.   

In this portion of Chapter 3, the role for c-fes promoter methylation in suppressing c-Fes 

expression was analyzed. Three patterns of c-fes promoter methylation were observed for the 
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human surgical specimens (Figure 22). First, c-fes promoter methylation was undetectable in 

either normal or tumor tissue (two cases). Second, methylation of the c-fes promoter was 

observed in both normal and tumor tissue (one case). Third, the c-fes promoter is mild to 

moderately methylated in the colon tumor tissue while weakly or not methylated in the matched 

normal tissue (five cases). The prevalence of the third observation suggests that methylation of 

the c-fes promoter increases as normal colonic epithelium transforms into tumors, implicating c-

Fes in the process of colorectal tumorigenesis.  

 With respect to c-Fes protein expression, three observations were also made (Figure 24). 

First, c-Fes expression was very weak to undetectable in both normal and tumor colon tissue 

(two cases). These cases also had no detectable c-fes promoter methylation suggesting gross gene 

rearrangement at the c-fes locus or a post-transcriptional processing event is responsible for the 

silencing of c-Fes expression. Second, c-Fes was weakly expressed in both normal and tumor 

colon tissue (three cases). Third, c-Fes was moderately to strongly expressed in normal colon 

tissue, while weakly or not expressed in matched tumor tissue (three cases). In line with previous 

findings of our laboratory (67), this final observation suggests that c-Fes expression is reduced or 

absent in colorectal tumor tissue when compared to normal tissue. 

Of interest is the strong correlation of c-fes promoter methylation to the status of c-Fes 

protein expression (Table 3). When the c-fes promoter exhibited mild methylation (1-10% of 

total CpG dinucleotides analyzed), c-Fes protein expression persisted in tumors (Figures 22 and 

24: D & E). For these cases, an additional level of c-Fes regulation (i.e. coding domain 

mutations) may be present. This possibility is addressed in Section 4.2.2. However, when the c-

fes promoter was moderately (11-20%) methylated in tumor tissue (Figures 22 and 24: F-H), c-

Fes expression was reduced or absent suggesting that c-fes promoter methylation downregulates 
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c-Fes protein expression. This being said, we must exercise caution in interpreting our data as 

our sample size (eight patient samples, paired normal and tumor tissue) is quite small. To satisfy 

power (90%) and significance (α = 0.05) requirements, at least 30 patient samples (each 

consisting of paired normal and tumor tissue) should be analyzed as determined by a one-sided 

Spearman rank correlation (Dr. James Schlesselman and The Minh Luong, University of 

Pittsburgh Cancer Institute Biostatistics Facility, personal communication). Nonetheless, this 

exciting finding further substantiates c-Fes as a tumor suppressor in colorectal cancer and 

warrants addition studies of c-Fes in the colon (see Future Directions). 

 

        c-fes methylation c-Fes staining 

Case Age Sex Stage Normal Tumor Normal Tumor 

26375 82 F T1N0Mx -- -- -- -- 

29554 91 F T3N0Mx -- -- -- -- 

20316 39 F T2N0Mx ++ ++ + + 

27704 84 M T3N0Mx -- + + + 

1066 69 M T2N0Mx -- + + + 

27941 70 M T2N0Mx + ++ +++ -- 

27208 67 F T2N0Mx -- ++ ++ -- 

25465 68 M T3N2Mx -- ++ ++ (+) 

 

 

Table 3: Summary of c-fes Methylation and c-Fes Expression in Human Colon Surgical 

Specimens 

Colon tissue sections from eight colorectal cancer patients were either bisulfite sequenced to 

determine c-fes promoter methylation or immunostained with an antibody raised against a c-Fes 

carboxyl-terminal peptide. Relative c-fes promoter methylation was scored using the following 
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scale (Methylation Percentage:  Methylated CpG dinucleotides relative to the total number of 

CpG dinucleotides analyzed) : --, no methylation (0%);  +, mild (1% to 10%); ++, moderate 

(11% to 20%); +++ , strong (21% to 30%). Relative c-Fes staining was scored using the 

following scale: --, undetectable expression; +, weak expression; ++, moderate expression; +++, 

strong expression.  
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4.0  DISCUSSION 

4.1 SUMMARY OF MAJOR FINDINGS 

c-Fes is a unique non-receptor tyrosine kinase, both in terms of its structure and 

biological function. Unlike other non-receptor tyrosine kinases, c-Fes does not possess an SH3 

domain, pleckstrin homology (PH) domain, or negative regulatory tail tyrosine residue (12,13). 

Instead, c-Fes harbors a unique amino-terminal region consisting of an FCH domain followed by 

two coiled-coil oligomerization motifs, a central SH2 domain, and a carboxyl-terminal kinase 

domain. Based on in vitro experiments conducted in our laboratory the coiled-coil domains were 

originally proposed to control the interconversion of c-Fes between inactive monomeric and 

active oligomeric forms [described in (12,13)]. Nonetheless, the mechanism regulating c-Fes 

kinase activity has not been directly examined in living cells. Regarding it biological function, c-

Fes has both oncogenic and tumor suppressor tendencies. On one hand, c-Fes is the normal 

cellular homolog of transforming sarcoma inducing retroviruses (6-11). On the other hand, c-Fes 

has recently been implicated as a colorectal cancer-associated tumor suppressor (67,84). This 

tumor suppressor role for c-Fes, however, is in its nascent stages, and mechanisms governing the 

downregulation of its expression in colorectal cancers have yet to be defined. Due to these 

knowledge gaps, the goals I set forth for my thesis project were to establish mechanisms by 

which c-Fes tyrosine kinase activation and colorectal cancer gene expression were regulated. 
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4.1.1 c-Fes Catalytic Regulation 

To directly define the role of oligomerization in regulating the in vivo activity of c-Fes, I 

adapted the YFP bimolecular fluorescence complementation assay original described by 

Kerppola and colleagues (165,166) for use with c-Fes. For this assay, non-fluorescent amino- 

and carboxyl-terminal portions of the YFP coding sequence were fused to potential 

oligomerization partners (c-Fes or c-Fes mutants where each functional domain was mutated) 

and co-expressed in the same cell. The experimental readout is straightforward: fluorescence 

indicates oligomerization of the fused partners, while a lack of fluorescence indicate a failure of 

the partners to oligomerize. In contrast to the accepted dogma that wild-type, inactive c-Fes 

adopts a monomeric conformation [described in (12,13)], I found that wild-type, inactive c-Fes 

naturally adopted an oligomeric conformation. Following this, I co-expressed Hck-YF, a potent 

activator of c-Fes (40,71), with wild-type c-Fes and determined that oligomerization was 

independent of the c-Fes activation status. From there, I used point mutations to disrupt the 

function of each characterized c-Fes domain (CC1: L145P, CC2: L334P, SH2: R483L, and 

Kinase: K590E) and found that both coiled-coil domains mediate c-Fes oligomerization in vivo 

whereas mutation of either the SH2 or kinase domain did not affect c-Fes oligomerization. Last, 

in an effort to characterize whether oligomerization was a general property of c-Fes in 

physiologically relevant cellular contexts, BiFC oligomerization assays were performed in both 

K-562 CML and HCT 116 CRC cell lines, suggesting that c-Fes naturally adopts coiled-coil 

dependent oligomeric complexes in vivo. In summary, these findings suggest a new “twist” in the 

thinking of how c-Fes catalytic activity in regulated in living cells (discussed below). 
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4.1.2  Regulation of c-Fes Expression in Colorectal Cancer  

To define the mechanism by which c-Fes expression is lost in colorectal cancers, I 

performed a comprehensive examination of the c-fes gene expression status in seven common 

colorectal cancer cell lines (CACO-2, COLO 320, DLD-1, HCT 116, HT-29, SNU 1040, SW-

480). First, I used RT-PCR targeted at a 3’ region of the c-fes transcript and found that the c-fes 

gene was absent or significantly reduced in five of seven lines (the exceptions being COLO 320 

and HCT 116). However, upon targeting the extreme 5’ region of the c-fes transcript, I 

determined that the transcripts observed in COLO 320 and HCT 116 cells were not properly 

initiated, suggesting that a loss of functional c-fes transcripts is a common finding in all tested 

colorectal cancer cell lines. After using Southern blot analyses to rule out loss or gross 

rearrangement of the c-fes gene, I used the EMBOSS CpG plot algorithm (181) to determine a 

CpG island (CpG-rich stretches of DNA approximately 1 kb in length) existed within the c-fes 

promoter. As a result of this, I treated the colorectal cancer cells with the potent demethylation 

agent 5-aza-2’-deoxycytidine (5’-aza-2’-dC) which irreversibly binds and inhibits DNA 

methyltransferases (105) to determine whether methylation inhibits c-fes expression in CRC cell 

lines. Without fail, I was able to re-express c-fes transcripts each CRC cell lines (and an 

additional CML cell lines K-562) upon treatment with 5-aza-2’-deoxycytidine as measured by 

RT-PCR targeting the 5’ and 3’ regions of the c-fes gene. In addition, I was able to re-express 

full-length c-Fes protein products in each CRC cell line. From there, I performed bisulfite 

sequencing on 5-aza-2’-dC treated and untreated HT-29 cells to directly implicate specific CpG 

dinucleotides of the c-fes promoter in the methylation of the c-fes promoter. In this assay, I found 

that methylation of the c-fes promoter dramatically decreased upon treatment with the 5-aza-2’-

dC demethylation reagent. To conclude the cell line portion of this study, I used an in vitro 
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system methylation analysis to determine that methylation blocks the activity of the c-fes 

promoter. As a finale to this study, I performed bisulfite sequencing analysis on a limited number 

of matched normal and tumor colorectal cancer patient derived tissue samples (eight total pairs) 

suggesting that methylation of the c-fes promoter increases as normal tissue transforms to 

invasive adenocarcinoma. Further, this increase in methylation correlated well with loss of c-Fes 

protein expression. 

4.1.3 Implications for c-Fes Kinase Regulation 

Prior to this thesis, the working model for the regulation of c-Fes catalytic activity 

involved the coiled-coil domains modulating the conversion of c-Fes from an inactive, 

monomeric form to an active, oligomeric kinase in response to stimuli (13). This model tied the 

regulation of c-Fes to mechanisms governing other non-receptor tyrosine kinases such as c-Src 

and c-Abl where intramolecular interactions lock the kinases in downregulated, monomeric 

forms (164,175). However, unlike c-Src and c-Abl, structural information of full-length c-Fes 

has not been resolved, and the c-Fes model has been inferred from in vitro experiments instead 

of live cellular data (14,45,47) and does not account for contributions of the SH2 and kinase 

domains. Here, I present a new model for the regulation of c-Fes catalytic activity. As c-Fes 

naturally adopts an oligomeric conformation in living cells, the coiled-coil domains may lock c-

Fes in a conformation where the SH2 domain cannot interact with the kinase domain, which is 

required for full kinase activity of c-Fes (13,17,59,62,63). Upon activation through external 

stimuli, conformation restraints imparted by the coiled-coil domains may be relaxed, affording 

the SH2 the ability to interact with the kinase domain and fully activate the catalytic activity of 

c-Fes. This mechanism of c-Fes regulation may be distinct among non-receptor tyrosine kinases. 
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As a result, small molecules that activate c-Fes may be of use in colorectal cancer cases where c-

Fes protein is present, as activation of c-Fes further enhances the growth suppression of 

colorectal cancer cell growth (67). 

4.1.4 Implications for c-Fes Expression Regulation 

  Recently, c-Fes has been proposed to function as a novel tumor suppressor in colorectal 

cancers where its loss of expression is a common finding in both colorectal cancer cell lines and 

patient tumor samples (67,84). In this thesis, I have defined a mechanism by which c-Fes 

expression is lost in colorectal cancers. Promoter methylation, a common mechanism by which 

tumor suppressor expression is downregulated in cancer, downregulates Fes gene and protein 

expression in colorectal cancer cell lines. Further, in a small sample of patients, c-fes gene 

methylation appears to increase as normal colonic epithelium is transformed to adenocarcinoma, 

and this increase correlates with the loss of c-Fes protein expression. As mentioned above, the 

full complement of improperly activated oncogenes and inactivated tumor suppressor genes 

associated with the multistep process of CRC carcinogenesis remains to be defined. Here, we 

have defined how a novel tumor suppressor is inactivated in colorectal cancers. As research has 

definitely implicated c-Fes as a suppressor of colorectal cancer cell growth (67) and invasion 

(J. Shaffer, unpublished observations), selectively re-expressing c-Fes may play a key role in the 

inhibition of CRC tumorigenesis. 
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4.2 FUTURE DIRECTIONS 

4.2.1 c-Fes Oligomerization 

As my thesis works suggests, conformational changes rather than oligomerization appear 

to regulate c-Fes catalytic activation. From this, the role that oligomerization plays in the 

biological responses of c-Fes remains to be defined. Possibly, c-Fes oligomerization is intimately 

associated with the cellular differentiation and tumor suppressor roles observed for c-Fes. Past 

research suggests that expression of wild-type c-Fes induces cellular differentiation (K-562 

myeloid leukemia cells) or growth suppression (HCT 116 and HT-29 colorectal cancer cells) 

irrespective of c-Fes kinase activity (17,60,67). As a result, the main regulatory factor may be the 

oligomeric nature of c-Fes. To test this, hematopoietic differentiation assays (17), soft agar 

assays (67), or matrigel invasion assays (189) will be performed using wild-type c-Fes or point 

mutant c-Fes variants (L145P, L334P, 2LP) to define the role of oligomerization in Fes-mediated 

biological responses.  

Also proposed within my thesis is the hypothesis that the coiled-coil domains within the 

unique amino-terminal F-BAR domain may lock c-Fes in a conformation that hinders the SH2 

domain from associating with the catalytic domain to induce an active kinase. As a result, an 

interaction interface may be present between the amino-terminus region and the SH2-kinase 

domain unit. To test this, a modified PCR reaction (Diversify® PCR Random Mutagenesis Kit - 

Clontech) will be used to randomly insert mutations (2-8 mutations per 1,000 bp depending on 

buffer conditions) within the unique amino-terminus of c-Fes (190,191). The PCR products will 

then be cloned into a mammalian expression vector already containing the SH2-kinase domain 

portion of c-Fes to create a random mutagenesis library of full-length c-Fes. Using a COS-7 cell 
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based system where c-Fes naturally adopts an inactive conformation (40), we will first screen for 

mutations that activate c-Fes without disrupting oligomerization. Amino acids whose mutations 

meet these guidelines may be involved in a “downregulation interface” of the unique amino-

terminus with the SH2-kinase domain unit.  

4.2.2 c-Fes and the Colon 

My thesis suggests that promoter methylation is a mechanism by which c-fes expression 

is downregulated in colorectal cancer cells, and demethylation treatments enable expression of c-

fes. While the transcription factors that regulate c-fes expression in hematopoietic cell lines have 

been well characterized [the ubiquitous transcription factor Sp1, the myeloid specific 

transcription factor PU.1/Spi-1, and the c-Fes expression factor (FEF) combine to regulate c-fes 

expression (29,34,35)], the transcription factor(s) associated with c-fes expression in colonic or 

other epithelial cell types have not been characterized. Based on a transcription factor database 

search (http://motif.genome.jp/MOTIF.html) for proteins that interact with the c-fes promoter, 

the gut-enriched Kruppel-like factor (GKLF) that is highly expressed in the colonic epithelium 

may be a candidate factor that regulates c-fes expression within the colon (192-195). This 

possibility will be evaluated using chromosome immunoprecipitation (ChIP). In addition, RNase 

protection assays will be performed to establish what transcription factor interact with the c-fes 

promoter to induce transcription within the colonic epithelium.  

Further, with regards to promoter methylation, the specific CpG dinucleotides whose 

methylation drives the suppression of c-fes transcription in colorectal cancer have not been 

isolated. To determine potential candidates, specific in vitro methylase reactions (FnuDII, HhaI, 

and HpaII), similar to our SssI in vitro methylation reaction performed in Figure 21, will be 
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performed in conjunction with gene reporter assays (179). This will also lend insight into which 

transcription factors are prohibited from binding the c-fes promoter to induced transcription 

either directly or through the binding of methyl binding proteins. In addition, ChIP assays will be 

performed to determine whether MeCP1 and MeCP2 are involved in repressing c-fes 

transcription in colorectal cancer cell lines. 

In addition to regulation of c-Fes expression at the level of the c-fes gene, c-Fes catalytic 

activity is regulated through coding region mutations. Initially, c-Fes was linked to colorectal 

cancer as being one of only seven genes that exhibited consistent kinase domain mutations in 

182 colorectal cancer cell lines or xenografts that were analyzed (88). These mutations were 

subsequently determined to downregulate or abolish c-Fes kinase activity (67,84). Due to this, 

the coding region of each of our colorectal cancer cell lines was sequenced for mutation. In two 

cell lines, DLD-1 and SNU 1040, the A at bp 2068 was substituted with a C resulting in a Leu to 

Met change at amino acid 690 that also killed c-Fes kinase activity (data not shown). As a result, 

it is also pertinent to establish whether other coding sequence mutations of c-Fes exist that are 

associated with colorectal cancer. To determine this, total RNA from patient derived tissue 

samples will be isolated and reverse-transcribed. From there, we will PCR amplify and sequence 

the coding region of c-Fes for mutation. Any observed mutations will be screened for their 

effects on c-Fes oligomerization and kinase activity as well as the apparent colorectal cancer 

growth and invasion suppression phenotypes associated with c-Fes expression in colorectal 

cancer cell lines.  

Finally, as the role of c-Fes in colorectal cancer continues to evolve, various research 

avenues are open including what function does c-Fes possess when expressed in the normal 

colonic epithelium and what are c-Fes tumor suppressor targets. Based on its history of 
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involvement with cellular differentiation responses of myeloid, vascular endothelial and neuronal 

cells (see overall introduction), it is tempting to speculate that c-Fes functions similarly in the 

colon. We will be able to test this hypothesis in two ways. First, wild-type or activated variants 

of c-Fes can be over-expressed in normal colonic epithelial cells (196,197) to test for changes in 

gene or protein expression of differentiation markers such as MSH2, BCL2, Ki67, p27, p21, 

Chromogranin A, and Lysozyme (198-201). Second, once the expression of c-Fes has been 

verified in the normal colonic epithelial cells, siRNA directed at c-Fes can be performed to 

determine whether inhibition of c-Fes leads to the suppression of differentiation markers. 

Regarding tumor suppressor targets, one possibility is APC. APC is expressed in the gut 

epithelium, and its microtubule regulation capacity plays a prominent role in the migration, 

division, and differentiation processes of the gut (202). Without the microtubule stabilization of 

APC, gut epithelial cells may accumulate in the initial transformation stages. In line with this, the 

APC microtubule binding domain is deleted in transforming mutants of APC that result in 

sporadic and familial colon cancer progression (203-205). Like c-Fes, APC possesses an amino-

terminal coiled-coil oligomerization domain and a carboxyl-terminal microtubule binding 

domain (202). c-Fes, through its coiled-coil motifs and microtubule binding, could function as a 

tumor suppressor by complementing this microtubule regulation activity when APC is truncated. 

Preliminary data indicates that both c-Fes and APC localize to microtubules in transfected COS-

7 and that c-Fes can strongly phosphorylate a truncated APC variant in Sf-9 insect cells (data not 

shown). The consequences of either these microtubule localizes are unknown; however, c-Fes 

could either act in place of truncated APC to regulate microtubules, or restore the localization of 

APC to microtubules by interacting with APC through their common coiled-coil motifs. 
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4.3 CLOSING REMARKS 

More than twenty-six years ago, c-fes was first identified as the normal cellular homolog 

of the transforming oncogene associated with avian and feline retroviruses. Since that time, the 

strictly regulated c-Fes kinase has been implicated in hematopoietic, vascular endothelial, and 

neuronal differentiation responses. Most recently, a tumor suppressor role for c-Fes in colorectal 

cancers has been proposed. However, prior to this thesis, mechanisms regulating c-Fes catalytic 

activity in cells and colorectal cancer expression have remained largely undefined. 

This thesis fills c-Fes knowledge gaps in two ways. First, the mechanism of in vivo c-Fes 

catalytic regulation has been further defined. Through direct in vivo fluorescence studies, I was 

able to propose a mechanism by which conformation rather than oligomeric changes govern c-

Fes kinase activity. Second, as the tumor suppressor role for c-Fes in colorectal cancers is in its 

nascent stages, the mechanisms governing the downregulation of its expression in cancer were 

assessed. Through extensive promoter demethylation analyses, I was able to conclude that 

methylation governs c-Fes expression in colorectal cancer. This revelation further substantiates a 

tumor suppressor role for c-Fes, as promoter methylation is a common mechanism by which 

tumor suppressors are inactivated in cancers. 

In conclusion, the unique non-receptor tyrosine kinase c-Fes has an increasingly broad 

biological role in the human body. It is with great hope that this thesis advances the knowledge 

of a novel tumor suppressor gene associated with colorectal cancers. 

 

 116 



BIBLIOGRAPHY 

 1.  Jhanwar, S. C., B. G. Neel, W. S. Hayward, and R. S. Chaganti. 1984. Localization of 
the cellular oncogenes ABL, SIS, and FES on human germ-line chromosomes. 
Cytogenet. Cell Genet. 38:73-75. 

 2.  la-Favera, R., G. Franchini, S. Martinotti, F. Wong-Staal, R. C. Gallo, and C. M. 
Croce. 1982. Chromosomal assignment of the human homologues of feline sarcoma 
virus and avian myeloblastosis virus onc genes. Proc. Natl. Acad. Sci. U. S. A 79:4714-
4717. 

 3.  Mathew, S., V. V. Murty, J. German, and R. S. Chaganti. 1993. Confirmation of 
15q26.1 as the site of the FES protooncogene by fluorescence in situ hybridization. 
Cytogenet. Cell Genet. 63:33-34. 

 4.  Roebroek, A. J. M., J. A. Schalken, J. S. Verbeek, A. M. W. Van den Ouweland, C. 
Onnekink, H. P. J. Bloemers, and W. J. M. Van de Ven. 1985. The structure of the 
human c-fes/fps proto-oncogene. EMBO J. 4:2897-2903. 

 5.  Bolen, J. B. 1993. Nonreceptor tyrosine protein kinases. Oncogene 8:2025-2031. 

 6.  Gardner, M. B., R. W. Rongey, P. Arnstein, J. D. Estes, P. Sarma, R. J. Huebner, 
and C. G. Rickard. 1970. Experimental transmission of feline fibrosarcoma to cats and 
dogs. Nature 226:807-809. 

 7.  Neel, B. G., L. H. Wang, B. Mathey-Prevot, T. Hanafusa, H. Hanafusa, and W. S. 
Hayward. 1982. Isolation of 16L virus: a rapidly transforming sarcoma virus from an 
avian leukosis virus-induced sarcoma. Proc. Natl. Acad. Sci. U. S. A 79:5088-5092. 

 8.  Shibuya, M. and H. Hanafusa. 1982. Nucleotide sequence of Fujinami sarcoma virus: 
Evolutionary relationship of its transforming gene with transforming genes of other 
sarcoma viruses. Cell 30:787-795. 

 9.  Snyder, H. W., Jr., M. C. Singhal, E. E. Zuckerman, and W. D. Hardy, Jr. 1984. 
Isolation of a new feline sarcoma virus (HZ1-FeSV): biochemical and immunological 
characterization of its translation product. Virology 132:205-210. 

 10.  Snyder, S. P. and G. H. Theilen. 1969. Transmissible feline fibrosarcoma. Nature 
221:1074-1075. 

 117 



 11.  Wang, L. H., R. Feldman, M. Shibuya, H. Hanafusa, M. F. Notter, and P. C. 
Balduzzi. 1981. Genetic structure, transforming sequence, and gene product of avian 
sarcoma virus UR1. J. Virol. 40:258-267. 

 12.  Greer, P. A. 2002. Closing in on the biological functions of Fps/Fes and Fer. Nature 
Rev. Mol. Cell Biol. 3:278-289. 

 13.  Smithgall, T. E., J. A. Rogers, K. L. Peters, J. Li, S. D. Briggs, J. M. Lionberger, H. 
Cheng, A. Shibata, B. Scholtz, S. Schreiner, and N. A. Dunham. 1998. The c-Fes 
Family of Protein-Tyrosine Kinases. Critical Rev. Oncogenesis 9:43-62. 

 14.  Cheng, H. Y., A. P. Schiavone, and T. E. Smithgall. 2001. A point mutation in the N-
terminal coiled-coil domain releases c-Fes tyrosine kinase activity and survival signaling 
in myeloid leukemia cells. Mol. Cell Biol. 21:6170-6180. 

 15.  Feldman, R. A., D. R. Lowy, W. C. Vass, and T. J. Velu. 1989. A highly efficient 
retroviral vector allows detection of the transforming activity of the human c-fps/fes 
proto-oncogene. J. Virol. 63:5469-5474. 

 16.  Greer, P. A., K. Meckling-Hansen, and T. Pawson. 1988. The human c-fps/fes gene 
product expressed ectopically in rat fibroblasts is nontransforming and has restrained 
protein-tyrosine kinase activity. Mol. Cell. Biol. 8:578-587. 

 17.  Rogers, J. A., H. Y. Cheng, and T. E. Smithgall. 2000. Src homology 2 domain 
substitution modulates the kinase and transforming activities of the Fes protein-tyrosine 
kinase. Cell Growth Differ. 11:581-592. 

 18.  Groffen, J., N. Heisterkamp, M. Shibuya, H. Hanafusa, and J. R. Stephenson. 1983. 
Transforming genes of avian (v-fps) and mammalian (v-fes) retroviruses correspond to a 
common cellular locus. Virology 125:480-486. 

 19.  Hampe, A., I. Laprevotte, F. Galibert, L. A. Fedele, and C. J. Sherr. 1982. Nucleotide 
sequences of feline retroviral oncogenes (v-fes) provide evidence for a family of tyrosine-
specific protein kinase genes. Cell 30:775-785. 

 20.  Hanafusa, T., L.-H. Wang, S. M. Anderson, R. E. Karess, W. S. Hayward, and H. 
Hanafusa. 1980. Characterization of the transforming gene of Fujinami sarcoma virus. 
Proc. Natl. Acad. Sci. USA 77:3009-3013. 

 21.  Huang, C. C., C. Hammond, and J. M. Bishop. 1984. Nucleotide sequence of v-fps in 
the PRCII strain of avian sarcoma virus. J. Virol. 50:125-131. 

 22.  Lee, W. H., K. Bister, A. Pawson, T. Robins, C. Moscovici, and P. H. Duesberg. 
1980. Fujinami sarcoma virus: an avian RNA tumor virus with a unique transforming 
gene. Proc. Natl. Acad. Sci. U. S. A 77:2018-2022. 

 118 



 23.  Shibuya, M. and H. Hanafusa. 1982. Nucleotide sequence of Fujinami sarcoma virus: 
evolutionary relationship of its transforming gene with transforming genes of other 
sarcoma viruses. Cell 30:787-795. 

 24.  Franchini, G., E. P. Gelmann, R. Dalla Favera, R. C. Gallo, and F. Wong-Staal. 
1982. Human gene (c-fes) related to the onc sequences of Snyder-Theilen feline sarcoma 
virus. Mol. Cell. Biol. 2:1014-1019. 

 25.  Groffen, J., N. Heisterkamp, F. Grosveld, W. J. M. Van de Ven, and J. R. 
Stephenson. 1982. Isolation of human oncogene sequences (v-fes homolog) from a 
cosmid library. Science 216:1136-1138. 

 26.  Trus, M. D., J. G. Sodroski, and W. A. Haseltine. 1982. Isolation and characterization 
of a human locus homologous to the transforming gene (v-fes) of feline sarcoma virus. J. 
Biol. Chem. 257:2730-2733. 

 27.  Greer, P., V. Maltby, J. Rossant, A. Bernstein, and T. Pawson. 1990. Myeloid 
expression of the human c-fps/fes proto-oncogene in transgenic mice. Mol. Cell. Biol. 
10:2521-2527. 

 28.  Greer, P., J. Haigh, G. Mbamalu, W. Khoo, A. Bernstein, and T. Pawson. 1994. The 
Fps/Fes protein-tyrosine kinase promotes angiogenesis in transgenic mice. Mol. Cell. 
Biol. 14:6755-6763. 

 29.  Heydemann, A., G. Juang, K. Hennessy, M. S. Parmacek, and M. C. Simon. 1996. 
The myeloid-cell-specific c-fes promoter is regulated by Sp1, PU.1, and a novel 
transcription factor. Mol. Cell. Biol. 16:1676-1686. 

 30.  He, Y., F. Borellini, W. H. Koch, Huang K.-X., and R. I. Glazer. 1996. 
Transcriptional regulation of c-fes in myeloid leukemia cells. Biochim. Biophys. Acta 
1306:179-186. 

 31.  Roebroek, A. J., J. A. Schalken, M. J. Bussemakers, H. H. van, C. Onnekink, F. M. 
Debruyne, H. P. Bloemers, and d. Van, V. 1986. Characterization of human c-fes/fps 
reveals a new transcription unit (fur) in the immediately upstream region of the proto-
oncogene. Mol. Biol. Rep. 11:117-125. 

 32.  Ayer, D. E. and W. S. Dynan. 1988. Simian virus 40 major late promoter: a novel 
tripartite structure that includes intragenic sequences. Mol. Cell Biol. 8:2021-2033. 

 33.  Smale, S. T. and D. Baltimore. 1989. The "initiator" as a transcription control element. 
Cell 57:103-113. 

 34.  Heydemann, A., J. H. Boehmler, and M. C. Simon. 1997. Expression of two myeloid 
cell-specific genes requires the novel transcription factor, c-fes expression factor. J. Biol. 
Chem. 272:29527-29537. 

 119 



 35.  Ray-Gallet, D., C. Mao, A. Tavitian, and F. Moreau-Gachelin. 1995. DNA binding 
specificities of Spi-1/PU.1 and Spi-B transcription factors and identification of a Spi-
1/Spi-B binding site in the c-fes/c-fps promoter. Oncogene 11:303-313. 

 36.  Heath, R. J. and R. H. Insall. 2008. F-BAR domains: multifunctional regulators of 
membrane curvature. J. Cell Sci. 121:1951-1954. 

 37.  Itoh, T. and C. P. De. 2006. BAR, F-BAR (EFC) and ENTH/ANTH domains in the 
regulation of membrane-cytosol interfaces and membrane curvature. Biochim. Biophys. 
Acta 1761:897-912. 

 38.  Aspenstrom, P. 1997. A Cdc42 target protein with homology to the non-kinase domain 
of FER has a potential role in regulating the actin cytoskeleton. Curr. Biol. 7:479-487. 

 39.  Takahashi, S., R. Inatome, A. Hotta, Q. Qin, R. Hackenmiller, M. C. Simon, H. 
Yamamura, and S. Yanagi. 2003. Role for Fes/Fps tyrosine kinase in microtubule 
nucleation through is Fes/CIP4 homology domain. J. Biol. Chem. 278:49129-49133. 

 40.  Laurent, C. E., F. J. Delfino, H. Y. Cheng, and T. E. Smithgall. 2004. The human c-
Fes tyrosine kinase binds tubulin and microtubules through separate domains and 
promotes microtubule assembly. Mol. Cell Biol. 24:9351-9358. 

 41.  Tian, L., D. L. Nelson, and D. M. Stewart. 2000. Cdc42-interacting protein 4 mediates 
binding of the Wiskott-Aldrich syndrome protein to microtubules. J. Biol. Chem. 
275:7854-7861. 

 42.  Cusack, S., C. Berthet-Colominas, M. Hartlein, N. Nassar, and R. Leberman. 1990. 
A second class of synthetase structure revealed by X-ray analysis of Escherichia coli 
seryl-tRNA synthetase at 2.5 A. Nature 347:249-255. 

 43.  Lupas, A. 1996. Coiled coils: New structures and new functions. Trends Biochem. Sci. 
21:375-382. 

 44.  Martin, J., M. Gruber, and A. N. Lupas. 2004. Coiled coils meet the chaperone world. 
Trends Biochem. Sci. 29:455-458. 

 45.  Read, R. D., J. M. Lionberger, and T. E. Smithgall. 1997. Oligomerization of the Fes 
tyrosine kinase: Evidence for a coiled-coil domain in the unique N-terminal region. J. 
Biol. Chem. 272:18498-18503. 

 46.  Lupas, A., M. Van Dyke, and J. Stock. 1991. Predicting coiled coils from protein 
sequences. Science 252:1162-1164. 

 47.  Cheng, H. Y., J. A. Rogers, N. A. Dunham, and T. E. Smithgall. 1999. Regulation of 
c-Fes tyrosine kinase and biological activities by N-terminal coiled-coil oligomerization 
domains. Mol. Cell Biol. 19:8335-8343. 

 120 



 48.  Takashima, Y., F. J. Delfino, J. R. Engen, G. Superti-Furga, and T. E. Smithgall. 
2003. Regulation of c-Fes tyrosine kinase activity by coiled-coil and SH2 domains: 
analysis with Saccharomyces cerevisiae. Biochemistry 42:3567-3574. 

 49.  Cohen, G. B., R. Ren, and D. Baltimore. 1995. Modular binding domains in signal 
transduction proteins. Cell 80:237-248. 

 50.  Kuriyan, J. and D. Cowburn. 1997. Modular peptide recognition domains in eukaryotic 
signaling. Annu. Rev. Biophys. Biomol. Struct. 26:259-288. 

 51.  Pawson, T. 1995. Protein modules and signalling networks. Nature 373:573-580. 

 52.  Waksman, G., S. E. Shoelson, N. Pant, D. Cowburn, and J. Kuriyan. 1993. Binding 
of a high affinity phosphotyrosyl peptide to the Src SH2 domain: Crystal structures of the 
complexed and peptide-free forms. Cell 72:779-790. 

 53.  Songyang, Z., S. E. Shoelson, J. McGlade, P. Olivier, T. Pawson, X. R. Bustelo, M. 
Barbacid, H. Sabe, H. Hanafusa, T. Yi, R. Ren, D. Baltimore, S. Ratnofsky, R. A. 
Feldman, and L. C. Cantley. 1994. Specific motifs recognized by the SH2 domains of 
Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol. Cell. Biol. 14:2777-2785. 

 54.  DeClue, J. E., I. Sadowski, G. S. Martin, and T. Pawson. 1987. A conserved domain 
regulates interactions of the v-fps protein-tyrosine kinase with the host cell. Proc. Natl. 
Acad. Sci. USA 84:9064-9068. 

 55.  Sadowski, I., J. C. Stone, and T. Pawson. 1986. A noncatalytic domain conserved 
among cytoplasmic protein-tyrosine kinases modifies the kinase function and 
transforming activity of Fujinami sarcoma virus p130gag-fps. Mol. Cell. Biol. 6:4396-4408. 

 56.  Neet, K. and T. Hunter. 1996. Vertebrate non-receptor protein-tyrosine kinase families. 
Genes Cells 1:147-169. 

 57.  Songyang, Z., S. E. Shoelson, M. Chaudhuri, G. Gish, T. Pawson, W. G. Haser, F. 
King, T. Roberts, S. Ratnofsky, R. J. Lechleider, B. G. Neel, R. B. Birge, J. E. 
Fajardo, M. M. Chou, H. Hanafusa, B. Schaffhausen, and L. C. Cantley. 1993. SH2 
domains recognize specific phosphopeptide sequences. Cell 72:767-778. 

 58.  Rogers, J. A., R. D. Read, J. Li, K. L. Peters, and T. E. Smithgall. 1996. 
Autophosphorylation of the Fes tyrosine kinase: Evidence for an intermolecular 
mechanism involving two kinase domain tyrosine residues. J. Biol. Chem. 271:17519-
17525. 

 59.  Hjermstad, S. J., K. L. Peters, S. D. Briggs, R. I. Glazer, and T. E. Smithgall. 1993. 
Regulation of the human c-fes protein-tyrosine kinase (p93c-fes) by its src homology 2 
domain and major autophosphorylation site (tyr 713). Oncogene 8:2283-2292. 

 60.  Fang, F., S. Ahmad, J. Lei, R. W. Klecker, J. B. Trepel, T. E. Smithgall, and R. I. 
Glazer. 1993. The effect of mutation of tyrosine 713 in p93c-fes on its catalytic activity 

 121 



and ability to promote myeloid differentiation in K-562 cells. Biochemistry 32:6995-
7001. 

 61.  Foster, D. A., M. Shibuya, and H. Hanafusa. 1985. Activation of the transforming 
potential of the cellular fps gene. Cell 42:105-115. 

 62.  Koch, C. A., M. Moran, I. Sadowski, and T. Pawson. 1989. The common src 
homology region 2 domain of cytoplasmic signaling proteins is a positive effector of v-
fps tyrosine kinase function. Mol. Cell. Biol. 9:4131-4140. 

 63.  Weinmaster, G., E. Hinze, and T. Pawson. 1983. Mapping of multiple phosphorylation 
sites within the structural and catalytic domains of the Fujinami avian sarcoma virus 
transforming protein. J. Virol. 46:29-41. 

 64.  Filippakopoulos, P., M. Kofler, O. Hantschel, G. Gish, F. Grebien, E. Salah, P. 
Neudecker, L. E. Kay, B. E. Turk, G. Superti-Furga, T. Pawson, and S. Knapp. 
2008. Structural coupling of Fes and Abl SH2-tyrosine kinase domains links substrate 
recognition and kinase activation. Cell in press. 

 65.  Haigh, J., J. McVeigh, and P. Greer. 1996. The Fps/Fes tyrosine kinase is expressed in 
myeloid, vascular endothelial, epithelial and neuronal cells and is localized to the trans-
golgi network. Cell Growth and Differentiation 7:931-944. 

 66.  Carè, A., G. Mattia, E. Montesoro, I. Parolini, G. Russo, M. P. Colombo, and C. 
Peschle. 1994. c-fes expression in ontogenetic development and hematopoietic 
differentiation. Oncogene 9:739-747. 

 67.  Delfino, F. J., H. M. Stevenson, and T. E. Smithgall. 2006. A growth-suppressive 
function for the c-Fes protein-tyrosine kinase in colorectal cancer. J. Biol. Chem. 
281:8829-8835. 

 68.  Smithgall, T. E., G. Yu, and R. I. Glazer. 1988. Identification of the differentiation-
associated p93 tyrosine protein kinase of HL-60 leukemia cells as the product of the 
human c-fes locus and its expression in myelomonocytic cells. J. Biol. Chem. 263:15050-
15055. 

 69.  Hanazono, Y., S. Chiba, K. Sasaki, H. Mano, Y. Yazaki, and H. Hirai. 1993. 
Erythropoietin induces tyrosine phosphorylation and kinase activity of the c-fps/fes proto-
oncogene product in human erythropoietin-responsive cells. Blood 81:3193-3196. 

 70.  Hanazono, Y., S. Chiba, K. Sasaki, H. Mano, A. Miyajima, K. Arai, Y. Yazaki, and 
H. Hirai. 1993. c-fps/fes protein-tyrosine kinase is implicated in a signaling pathway 
triggered by granulocyte-macrophage colony-stimulating factor and interleukin-3. EMBO 
J. 12:1641-1646. 

 71.  Kanda, S., E. C. Lerner, S. Tsuda, T. Shono, H. Kanetake, and T. E. Smithgall. 
2000. The non-receptor protein-tyrosine kinase c-Fes is involved in FGF-2-induced 
chemotaxis of murine brain capillary endothelial cells. J. Biol. Chem. 275:10105-10111. 

 122 



 72.  Shibata, A., C. E. Laurent, and T. E. Smithgall. 2003. The c-Fes protein-tyrosine 
kinase accelerates NGF-induced differentiation of PC12 cells through a PI3K-dependent 
mechanism. Cell Signal. 15:279-288. 

 73.  Naba, A., C. Reverdy, D. Louvard, and M. Arpin. 2008. Spatial recruitment and 
activation of the Fes kinase by ezrin promotes HGF-induced cell scattering. EMBO J. 
27:38-50. 

 74.  Tagliafico, E., M. Siena, T. Zanocco-Marani, R. Manfredini, E. Tenedini, M. 
Montanari, A. Grande, and S. Ferrari. 2003. Requirement of the coiled-coil domains 
of p92(c-Fes) for nuclear localization in myeloid cells upon induction of differentiation. 
Oncogene 22:1712-1723. 

 75.  Yates, K. E., M. R. Lynch, S. G. Wong, D. J. Slamon, and J. C. Gasson. 1995. Human 
c-Fes is a nuclear tyrosine kinase. Oncogene 10:1239-1242. 

 76.  Laurent, C. E. and T. E. Smithgall. 2004. The c-Fes tyrosine kinase cooperates with the 
breakpoint cluster region protein (Bcr) to induce neurite extension in a Rac- and Cdc42-
dependent manner. Exp. Cell Res. 299:188-198. 

 77.  Jucker, M., K. McKenna, A. J. Da Silva, C. E. Rudd, and R. A. Feldman. 1997. The 
Fes protein-tyrosine kinase phosphorylates a subset of macrophage proteins that are 
involved in cell adhesion and cell-cell signaling. J. Biol. Chem. 272:2104-2109. 

 78.  Lozzio, B. B., C. B. Lozzio, E. G. Bamberger, and A. S. Feliu. 1981. A multipotential 
leukemia cell line (K-562) of human origin. Proc. Soc. Exp. Biol. Med. 166:546-550. 

 79.  Sawyers, C. L. 1992. The bcr-abl gene in chronic myelogenous leukemia. Cancer 
Surveys 15:37-51. 

 80.  Yu, G., T. E. Smithgall, and R. I. Glazer. 1989. K562 leukemia cells transfected with 
the human c-fes gene acquire the ability to undergo myeloid differentiation. J. Biol. 
Chem. 264:10276-10281. 

 81.  Kim, J. and R. A. Feldman. 2002. Activated Fes protein tyrosine kinase induces 
terminal macrophage differentiation of myeloid progenitors (U937 cells) and activation 
of the transcription factor PU.1. Mol. Cell Biol. 22:1903-1918. 

 82.  Manfredini, R., A. Grande, E. Tagliafico, D. Barbieri, P. Zucchini, G. Citro, G. 
Zupi, C. Franceschi, U. Torelli, and S. Ferrari. 1993. Inhibition of c-fes expression by 
an antisense oligomer causes apoptosis of HL60 cells induced to granulocytic 
differentiation. J. Exp. Med. 178:381-389. 

 83.  Manfredini, R., R. Balestri, E. Tagliafico, F. Trevisan, M. Pizzanelli, A. Grande, D. 
Barbieri, P. Zucchini, G. Citro, C. Franceschi, and S. Ferrari. 1997. Antisense 
inhibition of c-fes proto-oncogene blocks PMA- induced macrophage differentiation in 
HL60 and in FDC-P1/MAC- 11 cells. Blood 89:135-145. 

 123 



 84.  Sangrar, W., R. A. Zirgnibl, Y. Gao, W. J. Muller, Z. Jia, and P. A. Greer. 2005. An 
identity crisis for fps/fes: oncogene or tumor suppressor? Cancer Res. 65:3518-3522. 

 85.  Feldman, R. A., W. C. Vass, and P. E. Tambourin. 1987. Human cellular fps/fes 
cDNA rescued via retroviral shuttle vector encodes myeloid cell NCP92 and has 
transforming potential. Oncogene Res. 1:441-458. 

 86.  Sodroski, J. G., W. C. Goh, and W. A. Haseltine. 1984. Transforming potential of a 
human proto-oncogene (c-fps/fes) locus. Proc. Natl. Acad. Sci. USA 81:3039-3043. 

 87.  Lionberger, J. M. and T. E. Smithgall. 2000. The c-Fes protein-tyrosine kinase 
suppresses cytokine-independent outgrowth of myeloid leukemia cells induced by Bcr-
Abl. Cancer Res. 60:1097-1103. 

 88.  Bardelli, A., D. W. Parsons, N. Silliman, J. Ptak, S. Szabo, S. Saha, S. Markowitz, J. 
K. Willson, G. Parmigiani, K. W. Kinzler, B. Vogelstein, and V. E. Velculescu. 2003. 
Mutational analysis of the tyrosine kinome in colorectal cancers. Science 300:949. 

 89.  American Cancer Society. Cancer Facts & Figures 2008.  2008. Atlanta.  
Ref Type: Pamphlet 

 90.  Benson, A. B., III. 2007. Epidemiology, disease progression, and economic burden of 
colorectal cancer. J. Manag. Care Pharm. 13:S5-18. 

 91.  Schoen, R. E. 2002. The case for population-based screening for colorectal cancer. Nat. 
Rev. Cancer 2:65-70. 

 92.  Smith, R. A., A. C. von Eschenbach, R. Wender, B. Levin, T. Byers, D. 
Rothenberger, D. Brooks, W. Creasman, C. Cohen, C. Runowicz, D. Saslow, V. 
Cokkinides, and H. Eyre. 2001. American Cancer Society guidelines for the early 
detection of cancer: update of early detection guidelines for prostate, colorectal, and 
endometrial cancers. Also: update 2001--testing for early lung cancer detection. CA 
Cancer J. Clin. 51:38-75. 

 93.   2008. ACP Medicine. BC Decker. 

 94.  Fearon, E. R. and B. Vogelstein. 1990. A genetic model for colorectal tumorigenesis. 
Cell 61:759-767. 

 95.  Markowitz, S. D., D. M. Dawson, J. Willis, and J. K. Willson. 2002. Focus on colon 
cancer. Cancer Cell 1:233-236. 

 96.  Knudson, A. G. 2001. Two genetic hits (more or less) to cancer. Nat. Rev. Cancer 1:157-
162. 

 97.  Knudson, A. G., Jr. 1971. Mutation and cancer: statistical study of retinoblastoma. Proc. 
Natl. Acad. Sci. U. S. A 68:820-823. 

 124 



 98.  Kondo, Y. and J. P. Issa. 2004. Epigenetic changes in colorectal cancer. Cancer 
Metastasis Rev. 23:29-39. 

 99.  Suehiro, Y. and Y. Hinoda. 2008. Genetic and epigenetic changes in aberrant crypt foci 
and serrated polyps. Cancer Sci. 99:1071-1076. 

 100.  Egger, G., G. Liang, A. Aparicio, and P. A. Jones. 2004. Epigenetics in human disease 
and prospects for epigenetic therapy. Nature 429:457-463. 

 101.  Gilbert, J., S. D. Gore, J. G. Herman, and M. A. Carducci. 2004. The clinical 
application of targeting cancer through histone acetylation and hypomethylation. Clin. 
Cancer Res. 10:4589-4596. 

 102.  Tariq, M., H. Saze, A. V. Probst, J. Lichota, Y. Habu, and J. Paszkowski. 2003. 
Erasure of CpG methylation in Arabidopsis alters patterns of histone H3 methylation in 
heterochromatin. Proc. Natl. Acad. Sci. U. S. A 100:8823-8827. 

 103.  Soppe, W. J., Z. Jasencakova, A. Houben, T. Kakutani, A. Meister, M. S. Huang, S. 
E. Jacobsen, I. Schubert, and P. F. Fransz. 2002. DNA methylation controls histone 
H3 lysine 9 methylation and heterochromatin assembly in Arabidopsis. EMBO J. 
21:6549-6559. 

 104.  Johnson, L., X. Cao, and S. Jacobsen. 2002. Interplay between two epigenetic marks. 
DNA methylation and histone H3 lysine 9 methylation. Curr. Biol. 12:1360-1367. 

 105.  Christman, J. K. 2002. 5-Azacytidine and 5-aza-2'-deoxycytidine as inhibitors of DNA 
methylation: mechanistic studies and their implications for cancer therapy. Oncogene 
21:5483-5495. 

 106.  Baylin, S. B. 1997. Tying it all together: epigenetics, genetics, cell cycle, and cancer. 
Science 277:1948-1949. 

 107.  Gutekunst, K. A., F. Kashanchi, J. N. Brady, and D. P. Bednarik. 1993. Transcription 
of the HIV-1 LTR is regulated by the density of DNA CpG methylation. J. Acquir. 
Immune. Defic. Syndr. 6:541-549. 

 108.  Ng, H. H. and A. Bird. 1999. DNA methylation and chromatin modification. Curr. Opin. 
Genet. Dev. 9:158-163. 

 109.  Oligny, L. L. 2001. Human molecular embryogenesis: an overview. Pediatr. Dev. Pathol. 
4:324-343. 

 110.  Paulsen, M. and A. C. Ferguson-Smith. 2001. DNA methylation in genomic 
imprinting, development, and disease. J. Pathol. 195:97-110. 

 111.  Robertson, K. D. 2000. The role of DNA methylation in modulating Epstein-Barr virus 
gene expression. Curr. Top. Microbiol. Immunol. 249:21-34. 

 125 



 112.  Antequera, F. and A. Bird. 1993. CpG islands. EXS 64:169-185. 

 113.  Baylin, S. B. and J. E. Ohm. 2006. Epigenetic gene silencing in cancer - a mechanism 
for early oncogenic pathway addiction? Nat. Rev. Cancer 6:107-116. 

 114.  Eden, A., F. Gaudet, A. Waghmare, and R. Jaenisch. 2003. Chromosomal instability 
and tumors promoted by DNA hypomethylation. Science 300:455. 

 115.  Herman, J. G. and S. B. Baylin. 2000. Promoter-region hypermethylation and gene 
silencing in human cancer. Curr. Top. Microbiol. Immunol. 249:35-54. 

 116.  Ushijima, T. 2005. Detection and interpretation of altered methylation patterns in cancer 
cells. Nat. Rev. Cancer 5:223-231. 

 117.  Herman, J. G. and S. B. Baylin. 2003. Gene silencing in cancer in association with 
promoter hypermethylation. N. Engl. J. Med. 349:2042-2054. 

 118.  Jones, P. A. and D. Takai. 2001. The role of DNA methylation in mammalian 
epigenetics. Science 293:1068-1070. 

 119.  Jones, P. A. and S. B. Baylin. 2002. The fundamental role of epigenetic events in 
cancer. Nat. Rev. Genet. 3:415-428. 

 120.  Costello, J. F., M. C. Fruhwald, D. J. Smiraglia, L. J. Rush, G. P. Robertson, X. 
Gao, F. A. Wright, J. D. Feramisco, P. Peltomaki, J. C. Lang, D. E. Schuller, L. Yu, 
C. D. Bloomfield, M. A. Caligiuri, A. Yates, R. Nishikawa, H. H. Su, N. J. Petrelli, X. 
Zhang, M. S. O'Dorisio, W. A. Held, W. K. Cavenee, and C. Plass. 2000. Aberrant 
CpG-island methylation has non-random and tumour-type-specific patterns. Nat. Genet. 
24:132-138. 

 121.  Fang, J. Y., J. Lu, Y. X. Chen, and L. Yang. 2003. Effects of DNA methylation on 
expression of tumor suppressor genes and proto-oncogene in human colon cancer cell 
lines. World J. Gastroenterol. 9:1976-1980. 

 122.  Kane, M. F., M. Loda, G. M. Gaida, J. Lipman, R. Mishra, H. Goldman, J. M. 
Jessup, and R. Kolodner. 1997. Methylation of the hMLH1 promoter correlates with 
lack of expression of hMLH1 in sporadic colon tumors and mismatch repair-defective 
human tumor cell lines. Cancer Res. 57:808-811. 

 123.  Costello, J. F., B. W. Futscher, K. Tano, D. M. Graunke, and R. O. Pieper. 1994. 
Graded methylation in the promoter and body of the O6-methylguanine DNA 
methyltransferase (MGMT) gene correlates with MGMT expression in human glioma 
cells. J. Biol. Chem. 269:17228-17237. 

 124.  Esteller, M., A. Sparks, M. Toyota, M. Sanchez-Cespedes, G. Capella, M. A. 
Peinado, S. Gonzalez, G. Tarafa, D. Sidransky, S. J. Meltzer, S. B. Baylin, and J. G. 
Herman. 2000. Analysis of adenomatous polyposis coli promoter hypermethylation in 
human cancer. Cancer Res. 60:4366-4371. 

 126 



 125.  Young, J., K. G. Biden, L. A. Simms, P. Huggard, R. Karamatic, H. J. Eyre, G. R. 
Sutherland, N. Herath, M. Barker, G. J. Anderson, D. R. Fitzpatrick, G. A. Ramm, 
J. R. Jass, and B. A. Leggett. 2001. HPP1: a transmembrane protein-encoding gene 
commonly methylated in colorectal polyps and cancers. Proc. Natl. Acad. Sci. U. S. A 
98:265-270. 

 126.  Liang, G., K. D. Robertson, C. Talmadge, J. Sumegi, and P. A. Jones. 2000. The gene 
for a novel transmembrane protein containing epidermal growth factor and follistatin 
domains is frequently hypermethylated in human tumor cells. Cancer Res. 60:4907-4912. 

 127.  Du, Y., T. Carling, W. Fang, Z. Piao, J. C. Sheu, and S. Huang. 2001. 
Hypermethylation in human cancers of the RIZ1 tumor suppressor gene, a member of a 
histone/protein methyltransferase superfamily. Cancer Res. 61:8094-8099. 

 128.  Moinova, H. R., W. D. Chen, L. Shen, D. Smiraglia, J. Olechnowicz, L. Ravi, L. 
Kasturi, L. Myeroff, C. Plass, R. Parsons, J. Minna, J. K. Willson, S. B. Green, J. P. 
Issa, and S. D. Markowitz. 2002. HLTF gene silencing in human colon cancer. Proc. 
Natl. Acad. Sci. U. S. A 99:4562-4567. 

 129.  Eads, C. A., K. D. Danenberg, K. Kawakami, L. B. Saltz, P. V. Danenberg, and P. 
W. Laird. 1999. CpG island hypermethylation in human colorectal tumors is not 
associated with DNA methyltransferase overexpression. Cancer Res. 59:2302-2306. 

 130.  Weisenberger, D. J., M. Velicescu, J. C. Cheng, F. A. Gonzales, G. Liang, and P. A. 
Jones. 2004. Role of the DNA methyltransferase variant DNMT3b3 in DNA 
methylation. Mol. Cancer Res. 2:62-72. 

 131.  Lee, P. J., L. L. Washer, D. J. Law, C. R. Boland, I. L. Horon, and A. P. Feinberg. 
1996. Limited up-regulation of DNA methyltransferase in human colon cancer reflecting 
increased cell proliferation. Proc. Natl. Acad. Sci. U. S. A 93:10366-10370. 

 132.  Luczak, M. W. and P. P. Jagodzinski. 2006. The role of DNA methylation in cancer 
development. Folia Histochem. Cytobiol. 44:143-154. 

 133.  Rhee, I., K. W. Jair, R. W. Yen, C. Lengauer, J. G. Herman, K. W. Kinzler, B. 
Vogelstein, S. B. Baylin, and K. E. Schuebel. 2000. CpG methylation is maintained in 
human cancer cells lacking DNMT1. Nature 404:1003-1007. 

 134.  Rhee, I., K. E. Bachman, B. H. Park, K. W. Jair, R. W. Yen, K. E. Schuebel, H. Cui, 
A. P. Feinberg, C. Lengauer, K. W. Kinzler, S. B. Baylin, and B. Vogelstein. 2002. 
DNMT1 and DNMT3b cooperate to silence genes in human cancer cells. Nature 
416:552-556. 

 135.  Chen, T. and E. Li. 2006. Establishment and maintenance of DNA methylation patterns 
in mammals. Curr. Top. Microbiol. Immunol. 301:179-201. 

 127 



 136.  Mortusewicz, O., L. Schermelleh, J. Walter, M. C. Cardoso, and H. Leonhardt. 
2005. Recruitment of DNA methyltransferase I to DNA repair sites. Proc. Natl. Acad. 
Sci. U. S. A 102:8905-8909. 

 137.  Goyal, R., R. Reinhardt, and A. Jeltsch. 2006. Accuracy of DNA methylation pattern 
preservation by the Dnmt1 methyltransferase. Nucleic Acids Res. 34:1182-1188. 

 138.  Yoder, J. A., N. S. Soman, G. L. Verdine, and T. H. Bestor. 1997. DNA (cytosine-5)-
methyltransferases in mouse cells and tissues. Studies with a mechanism-based probe. J. 
Mol. Biol. 270:385-395. 

 139.  Grandjean, V., R. Yaman, F. Cuzin, and M. Rassoulzadegan. 2007. Inheritance of an 
epigenetic mark: the CpG DNA methyltransferase 1 is required for de novo establishment 
of a complex pattern of non-CpG methylation. PLoS. ONE. 2:e1136. 

 140.  Feltus, F. A., E. K. Lee, J. F. Costello, C. Plass, and P. M. Vertino. 2003. Predicting 
aberrant CpG island methylation. Proc. Natl. Acad. Sci. U. S. A 100:12253-12258. 

 141.  Jair, K. W., K. E. Bachman, H. Suzuki, A. H. Ting, I. Rhee, R. W. Yen, S. B. Baylin, 
and K. E. Schuebel. 2006. De novo CpG island methylation in human cancer cells. 
Cancer Res. 66:682-692. 

 142.  Li, E., T. H. Bestor, and R. Jaenisch. 1992. Targeted mutation of the DNA 
methyltransferase gene results in embryonic lethality. Cell 69:915-926. 

 143.  Okano, M., S. Xie, and E. Li. 1998. Cloning and characterization of a family of novel 
mammalian DNA (cytosine-5) methyltransferases. Nat. Genet. 19:219-220. 

 144.  Okano, M., D. W. Bell, D. A. Haber, and E. Li. 1999. DNA methyltransferases Dnmt3a 
and Dnmt3b are essential for de novo methylation and mammalian development. Cell 
99:247-257. 

 145.  Aapola, U., K. Kawasaki, H. S. Scott, J. Ollila, M. Vihinen, M. Heino, A. Shintani, 
K. Kawasaki, S. Minoshima, K. Krohn, S. E. Antonarakis, N. Shimizu, J. Kudoh, 
and P. Peterson. 2000. Isolation and initial characterization of a novel zinc finger gene, 
DNMT3L, on 21q22.3, related to the cytosine-5-methyltransferase 3 gene family. 
Genomics 65:293-298. 

 146.  Boucher, M. J., J. Morisset, P. H. Vachon, J. C. Reed, J. Laine, and N. Rivard. 2000. 
MEK/ERK signaling pathway regulates the expression of Bcl-2, Bcl-X(L), and Mcl-1 
and promotes survival of human pancreatic cancer cells. J. Cell Biochem. 79:355-369. 

 147.  Chedin, F., M. R. Lieber, and C. L. Hsieh. 2002. The DNA methyltransferase-like 
protein DNMT3L stimulates de novo methylation by Dnmt3a. Proc. Natl. Acad. Sci. U. 
S. A 99:16916-16921. 

 128 



 148.  Chen, Z. X., J. R. Mann, C. L. Hsieh, A. D. Riggs, and F. Chedin. 2005. Physical and 
functional interactions between the human DNMT3L protein and members of the de novo 
methyltransferase family. J. Cell Biochem. 95:902-917. 

 149.  Gowher, H., K. Liebert, A. Hermann, G. Xu, and A. Jeltsch. 2005. Mechanism of 
stimulation of catalytic activity of Dnmt3A and Dnmt3B DNA-(cytosine-C5)-
methyltransferases by Dnmt3L. J. Biol. Chem. 280:13341-13348. 

 150.  Kareta, M. S., Z. M. Botello, J. J. Ennis, C. Chou, and F. Chedin. 2006. 
Reconstitution and mechanism of the stimulation of de novo methylation by human 
DNMT3L. J. Biol. Chem. 281:25893-25902. 

 151.  Suetake, I., F. Shinozaki, J. Miyagawa, H. Takeshima, and S. Tajima. 2004. 
DNMT3L stimulates the DNA methylation activity of Dnmt3a and Dnmt3b through a 
direct interaction. J. Biol. Chem. 279:27816-27823. 

 152.  Watt, F. and P. L. Molloy. 1988. Cytosine methylation prevents binding to DNA of a 
HeLa cell transcription factor required for optimal expression of the adenovirus major 
late promoter. Genes Dev. 2:1136-1143. 

 153.  Kovesdi, I., R. Reichel, and J. R. Nevins. 1987. Role of an adenovirus E2 promoter 
binding factor in E1A-mediated coordinate gene control. Proc. Natl. Acad. Sci. U. S. A 
84:2180-2184. 

 154.  Meehan, R. R., J. D. Lewis, S. McKay, E. L. Kleiner, and A. P. Bird. 1989. 
Identification of a mammalian protein that binds specifically to DNA containing 
methylated CpGs. Cell 58:499-507. 

 155.  Lewis, J. D., R. R. Meehan, W. J. Henzel, I. Maurer-Fogy, P. Jeppesen, F. Klein, 
and A. Bird. 1992. Purification, sequence, and cellular localization of a novel 
chromosomal protein that binds to methylated DNA. Cell 69:905-914. 

 156.  Boyes, J. and A. Bird. 1991. DNA methylation inhibits transcription indirectly via a 
methyl-CpG binding protein. Cell 64:1123-1134. 

 157.  Cross, S. H., R. R. Meehan, X. Nan, and A. Bird. 1997. A component of the 
transcriptional repressor MeCP1 shares a motif with DNA methyltransferase and HRX 
proteins. Nat. Genet. 16:256-259. 

 158.  Nan, X., F. J. Campoy, and A. Bird. 1997. MeCP2 is a transcriptional repressor with 
abundant binding sites in genomic chromatin. Cell 88:471-481. 

 159.  Brueckner, B., D. Kuck, and F. Lyko. 2007. DNA methyltransferase inhibitors for 
cancer therapy. Cancer J. 13:17-22. 

 160.  Laird, P. W., L. Jackson-Grusby, A. Fazeli, S. L. Dickinson, W. E. Jung, E. Li, R. A. 
Weinberg, and R. Jaenisch. 1995. Suppression of intestinal neoplasia by DNA 
hypomethylation. Cell 81:197-205. 

 129 



 161.  Kantarjian, H., J. P. Issa, C. S. Rosenfeld, J. M. Bennett, M. Albitar, J. DiPersio, V. 
Klimek, J. Slack, C. C. de, F. Ravandi, R. Helmer, III, L. Shen, S. D. Nimer, R. 
Leavitt, A. Raza, and H. Saba. 2006. Decitabine improves patient outcomes in 
myelodysplastic syndromes: results of a phase III randomized study. Cancer 106:1794-
1803. 

 162.  Issa, J. P., H. M. Kantarjian, and P. Kirkpatrick. 2005. Azacitidine. Nat. Rev. Drug 
Discov. 4:275-276. 

 163.  Issa, J. P. 2007. DNA methylation as a therapeutic target in cancer. Clin. Cancer Res. 
13:1634-1637. 

 164.  Boggon, T. J. and M. J. Eck. 2004. Structure and regulation of Src family kinases. 
Oncogene 23:7918-7927. 

 165.  Hu, C. D., Y. Chinenov, and T. K. Kerppola. 2002. Visualization of interactions 
among bZIP and Rel family proteins in living cells using bimolecular fluorescence 
complementation. Mol. Cell 9:789-798. 

 166.  Hu, C. D. and T. K. Kerppola. 2003. Simultaneous visualization of multiple protein 
interactions in living cells using multicolor fluorescence complementation analysis. Nat. 
Biotechnol. 21:539-545. 

 167.  Nagar, B., O. Hantschel, M. Seeliger, J. M. Davies, W. I. Weis, G. Superti-Furga, 
and J. Kuriyan. 2006. Organization of the SH3-SH2 unit in active and inactive forms of 
the c-Abl tyrosine kinase. Mol. Cell 21:787-798. 

 168.  Nagar, B., O. Hantschel, M. A. Young, K. Scheffzek, D. Veach, W. Bornmann, B. 
Clarkson, G. Superti-Furga, and J. Kuriyan. 2003. Structural basis for the 
autoinhibition of c-Abl tyrosine kinase. Cell 112:859-871. 

 169.  Schindler, T., F. Sicheri, A. Pico, A. Gazit, A. Levitzki, and J. Kuriyan. 1999. Crystal 
structure of Hck in complex with a Src family-selective tyrosine kinase inhibitor. Mol. 
Cell 3:639-648. 

 170.  Sicheri, F., I. Moarefi, and J. Kuriyan. 1997. Crystal structure of the Src family 
tyrosine kinase Hck. Nature 385:602-609. 

 171.  Xu, W., A. Doshi, M. Lei, M. J. Eck, and S. C. Harrison. 1999. Crystal structures of c-
Src reveal features of its autoinhibitory mechanism. Mol. Cell 3:629-638. 

 172.  Xu, W., S. C. Harrison, and M. J. Eck. 1997. Three-dimensional structure of the 
tyrosine kinase c-Src. Nature 385:595-602. 

 173.  Briggs, S. D. and T. E. Smithgall. 1999. SH2-kinase linker mutations release Hck 
tyrosine kinase and transforming activities in rat-2 fibroblasts. J. Biol. Chem. 274:26579-
26583. 

 130 



 174.  Johnson, F. M. and G. E. Gallick. 2007. SRC family nonreceptor tyrosine kinases as 
molecular targets for cancer therapy. Anticancer Agents Med. Chem. 7:651-659. 

 175.  Hantschel, O. and G. Superti-Furga. 2004. Regulation of the c-Abl and Bcr-Abl 
tyrosine kinases. Nat. Rev. Mol. Cell Biol. 5:33-44. 

 176.  Li, J. and T. E. Smithgall. 1996. Co-expression with Bcr induces activation of the Fes 
tyrosine kinase and phosphorylation of specific N-terminal Bcr tyrosine residues. J. Biol. 
Chem. 271:32930-32936. 

 177.  Delfino, F. J., J. M. Shaffer, and T. E. Smithgall. 2006. The KRAB-associated co-
repressor KAP-1 is a coiled-coil binding partner, substrate, and activator of the c-Fes 
protein-tyrosine kinase. Biochem. J. 399:141-150. 

 178.  Smithgall, T. E., J. B. Johnston, M. Bustin, and R. I. Glazer. 1991. Elevated 
expression of the c-fes proto-oncogene in adult human myeloid leukemia cells in the 
absence of gene amplification. J. Natl. Cancer Inst. 83:42-46. 

 179.  Pogribny, I. P., M. Pogribna, J. K. Christman, and S. J. James. 2000. Single-site 
methylation within the p53 promoter region reduces gene expression in a reporter gene 
construct: possible in vivo relevance during tumorigenesis. Cancer Res. 60:588-594. 

 180.  Alcalay, M., F. Antolini, W. J. M. Van de Ven, L. Lanfrancone, F. Grignani, and P. 
G. Pelicci. 1990. Characterization of human and mouse c-fes cDNA clones and 
identification of the 5' end of the gene. Oncogene 5:267-275. 

 181.  Rice, P., I. Longden, and A. Bleasby. 2000. EMBOSS: the European Molecular Biology 
Open Software Suite. Trends Genet. 16:276-277. 

 182.  Harrington, M. A., P. A. Jones, M. Imagawa, and M. Karin. 1988. Cytosine 
methylation does not affect binding of transcription factor Sp1. Proc. Natl. Acad. Sci. U. 
S. A 85:2066-2070. 

 183.  Holler, M., G. Westin, J. Jiricny, and W. Schaffner. 1988. Sp1 transcription factor 
binds DNA and activates transcription even when the binding site is CpG methylated. 
Genes Dev. 2:1127-1135. 

 184.  Boyd, D. D., H. Wang, H. Avila, N. U. Parikh, H. Kessler, V. Magdolen, and G. E. 
Gallick. 2004. Combination of an SRC kinase inhibitor with a novel pharmacological 
antagonist of the urokinase receptor diminishes in vitro colon cancer invasiveness. Clin. 
Cancer Res. 10:1545-1555. 

 185.  Issa, J. P. 2000. The epigenetics of colorectal cancer. Ann. N. Y. Acad. Sci. 910:140-
153. 

 186.  Mori, Y., K. Cai, Y. Cheng, S. Wang, B. Paun, J. P. Hamilton, Z. Jin, F. Sato, A. T. 
Berki, T. Kan, T. Ito, C. Mantzur, J. M. Abraham, and S. J. Meltzer. 2006. A 

 131 



genome-wide search identifies epigenetic silencing of somatostatin, tachykinin-1, and 5 
other genes in colon cancer. Gastroenterology 131:797-808. 

 187.  Herman, J. G., A. Merlo, L. Mao, R. G. Lapidus, J. P. Issa, N. E. Davidson, D. 
Sidransky, and S. B. Baylin. 1995. Inactivation of the CDKN2/p16/MTS1 gene is 
frequently associated with aberrant DNA methylation in all common human cancers. 
Cancer Res. 55:4525-4530. 

 188.  Robertson, K. D. and P. A. Jones. 1998. The human ARF cell cycle regulatory gene 
promoter is a CpG island which can be silenced by DNA methylation and down-
regulated by wild-type p53. Mol. Cell Biol. 18:6457-6473. 

 189.  Sato, H., T. Takino, Y. Okada, J. Cao, A. Shinagawa, E. Yamamoto, and M. Seiki. 
1994. A matrix metalloproteinase expressed on the surface of invasive tumour cells. 
Nature 370:61-65. 

 190.  Cadwell, R. C. and G. F. Joyce. 1992. Randomization of genes by PCR mutagenesis. 
PCR Methods Appl. 2:28-33. 

 191.  Mo, J. Y., H. Maki, and M. Sekiguchi. 1991. Mutational specificity of the dnaE173 
mutator associated with a defect in the catalytic subunit of DNA polymerase III of 
Escherichia coli. J. Mol. Biol. 222:925-936. 

 192.  Shields, J. M., R. J. Christy, and V. W. Yang. 1996. Identification and characterization 
of a gene encoding a gut-enriched Kruppel-like factor expressed during growth arrest. J. 
Biol. Chem. 271:20009-20017. 

 193.  Garrett-Sinha, L. A., H. Eberspaecher, M. F. Seldin, and C. B. de. 1996. A gene for a 
novel zinc-finger protein expressed in differentiated epithelial cells and transiently in 
certain mesenchymal cells. J. Biol. Chem. 271:31384-31390. 

 194.  Shields, J. M. and V. W. Yang. 1998. Identification of the DNA sequence that interacts 
with the gut-enriched Kruppel-like factor. Nucleic Acids Res. 26:796-802. 

 195.  Stone, C. D., Z. Y. Chen, and C. C. Tseng. 2002. Gut-enriched Kruppel-like factor 
regulates colonic cell growth through APC/beta-catenin pathway. FEBS Lett. 530:147-
152. 

 196.  Plummer, S. M., K. A. Holloway, M. M. Manson, R. J. Munks, A. Kaptein, S. 
Farrow, and L. Howells. 1999. Inhibition of cyclo-oxygenase 2 expression in colon cells 
by the chemopreventive agent curcumin involves inhibition of NF-kappaB activation via 
the NIK/IKK signalling complex. Oncogene 18:6013-6020. 

 197.  Moyer, M. P., L. A. Manzano, R. L. Merriman, J. S. Stauffer, and L. R. Tanzer. 
1996. NCM460, a normal human colon mucosal epithelial cell line. In Vitro Cell Dev. 
Biol. Anim 32:315-317. 

 132 



 133 

 198.  Boman, B. M., R. Walters, J. Z. Fields, A. J. Kovatich, T. Zhang, G. A. Isenberg, S. 
D. Goldstein, and J. P. Palazzo. 2004. Colonic crypt changes during adenoma 
development in familial adenomatous polyposis: immunohistochemical evidence for 
expansion of the crypt base cell population. Am. J. Pathol. 165:1489-1498. 

 199.  Viale, G., C. Pellegrini, G. Mazzarol, P. Maisonneuve, M. L. Silverman, and S. 
Bosari. 1999. p21WAF1/CIP1 expression in colorectal carcinoma correlates with 
advanced disease stage and p53 mutations. J. Pathol. 187:302-307. 

 200.  Verburg, M., I. B. Renes, H. P. Meijer, J. A. Taminiau, H. A. Buller, A. W. 
Einerhand, and J. Dekker. 2000. Selective sparing of goblet cells and paneth cells in 
the intestine of methotrexate-treated rats. Am. J. Physiol Gastrointest. Liver Physiol 
279:G1037-G1047. 

 201.  Katz, J. P., N. Perreault, B. G. Goldstein, C. S. Lee, P. A. Labosky, V. W. Yang, and 
K. H. Kaestner. 2002. The zinc-finger transcription factor Klf4 is required for terminal 
differentiation of goblet cells in the colon. Development 129:2619-2628. 

 202.  Nathke, I. S. 2004. The adenomatous polyposis coli protein: the Achilles heel of the gut 
epithelium. Annu. Rev. Cell Dev. Biol. 20:337-366. 

 203.  Polakis, P. 1995. Mutations in the APC gene and their implications for protein structure 
and function. Curr. Opin. Genet. Dev. 5:66-71. 

 204.  Polakis, P. 1997. The adenomatous polyposis coli (APC) tumor suppressor. Biochim. 
Biophys. Acta 1332:F127-F147. 

 205.  Rosin-Arbesfeld, R., G. Ihrke, and M. Bienz. 2001. Actin-dependent membrane 
association of the APC tumour suppressor in polarized mammalian epithelial cells. 
EMBO J. 20:5929-5939. 

 
 


	TITLE PAGE
	SIGNATURE PAGE
	COPYRIGHT PAGE
	OVERALL ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ACKNOWLEDGEMENTS
	1.0  INTRODUCTION
	1.1 CHARACTERIZATION OF THE C-FES TYROSINE KINASE
	Figure 1: Structural Diagrams of c-Fes and Representative Avian and Feline Viral Homologs.
	1.1.1 Characterization of the c-fes Gene
	Figure 2: Organization of c-fes Gene
	Figure 3: Features of the c-fes Promoter and Intron 1

	1.1.2 c-Fes Structure
	1.1.2.1 FCH Domain
	1.1.2.2 CC Domains
	1.1.2.3 SH2 Domain
	1.1.2.4 Tyrosine Kinase Domain

	1.1.3 Catalytic Regulation of c-Fes
	Figure 4: Model for the Regulation of c-Fes Catalytic Activity
	Figure 5: Structures of c-Fes and c-Abl SH2-Kinase Domains in the Active Conformation.

	1.1.4 c-Fes Biological Functions
	Table 1: c-Fes Cellular Expression Summary
	1.1.4.1 Subcellular Distribution
	1.1.4.2 Differentiation 
	1.1.4.3 Oncogenesis
	1.1.4.4 Tumor Suppression


	1.2 COLORECTAL CANCER
	1.2.1 CRC Screening and Risk Factors
	Figure 6: Colorectal Carcinogenesis.

	1.2.2 CRC Prognostic Indicators and Treatment
	Table 2: American Joint Committee on Cancer (AJCC) TNM Staging System


	1.3 CARCINOGENESIS
	1.3.1 Genetic Hits
	1.3.2 Epigenetic Hits
	1.3.2.1 Histone Modifications
	1.3.2.2 DNA Methylation 
	Figure 7: Cytosine Methylation Reaction.

	1.3.2.3 Methylation Biomarkers and Therapies
	Figure 8: Mechanism of 5-aza-2’-deoxycytidine Activity



	1.4 HYPOTHESES AND SPECIFIC AIMS
	1.4.1 Hypotheses
	1.4.2 Specific Aims
	Figure 9: c-Fes Bimolecular Fluorescence Complementation (BiFC) Assay



	2.0  BIMOLECULAR FLUORESCENCE COMPLEMENTATION DEMONSTRATES THAT THE c-FES PROTEIN-TYROSINE KINASE FORMS CONSTITUTIVE OLIGOMERS IN LIVING CELLS*
	2.1 ABSTRACT
	2.2 INTRODUCTION
	2.3 EXPERIMENTAL PROCEDURES
	2.3.1 Construction of Plasmid Vectors. 
	Figure 10: c-Fes Constructs and BiFC Experimental Design

	2.3.2 Cell Culture and Transfection. 
	2.3.3 Immunofluorescence Microscopy and Fluorescence Imaging. 
	2.3.4  Immunoblotting and Antibodies.

	2.4 RESULTS
	2.4.1 Visualization of c-Fes Oligomers in Live Cells.
	Figure 11: Wild-type c-Fes Forms Oligomers in Living Cells.

	2.4.2 Activation does not influence wild-type c-Fes oligomerization.
	Figure 12: Active Wild-type c-Fes Remains Oligomeric in vivo. 

	2.4.3 The coiled-coil homology domains are essential for c-Fes oligomerization in living cells.
	Figure 13: Coiled-coil Homology Domains Mediate c-Fes Oligomerization in vivo. 

	2.4.4 c-Fes forms coiled-coil-mediated oligomers in human colorectal cancer and chronic myelogenous leukemia cell lines.
	Figure 14: Coiled-coil-dependent Oligomerization of c-Fes in HCT 116 Colorectal Carcinoma Cells.
	Figure 15: Coiled-coil-dependent Oligomerization of c-Fes in K562 Chronic Myelogenous Leukemia Cells.


	2.5 DISCUSSION
	2.6 FOOTNOTE

	3.0  PROMOTER METHYLATION BLOCKS C-FES PROTEIN-TYROSINE KINASE GENE EXPRESSION IN COLORECTAL CANCER*
	3.1 ABSTRACT
	3.2 INTRODUCTION
	3.3 MATERIALS AND METHODS
	3.3.1 Cell Culture
	3.3.2 RT-PCR
	3.3.3 Southern Blot Analysis
	3.3.4 5-aza-2’-deoxycytidine (5-aza-2’-dC) Treatment
	3.3.5 Immunoprecipitation, Immunoblotting, and Antibodies
	3.3.6 Tissue Staining
	3.3.7 Bisulfite Genomic DNA Sequencing
	3.3.8 Plasmid Construction and in vitro Methylation
	3.3.9 Transient Transfection and Luciferase Assay

	3.4 RESULTS
	3.4.1 c-fes Transcripts are Reduced or Absent in CRC Cells
	Figure 16: Transcription of c-fes is Low or Absent in Colorectal Cancer Cell Lines. 

	3.4.2 The c-fes Promoter Harbors a Potential CpG Island
	Figure 17: Computational Analysis Reveals Potential CpG Islands within the Human and Feline c-fes Promoters.  

	3.4.3 Demethylation Restores Expression of Functional c-fes Transcripts
	Figure 18: 5-aza-2’-deoxycytidine Treatment Restores Functional c-fes Transcripts in Colorectal Cancer Cell Lines. 

	3.4.4 The c-fes Promoter is Extensively Methylated in CRC Cells
	Figure 19: c-Fes Protein Expression in Normal Colonic Epithelium Correlates with Hypomethylation of the c-fes Promoter. 
	Figure 20: Bisulfite Sequencing Reveals Extensive c-fes Promoter Methylation in HT-29 Cells Which is Reversed by 5-aza-2’-dC Treatment. 

	3.4.5 In vitro Methylation Blocks c-fes Promoter Activity
	Figure 21: Methylation Regulates c-fes Promoter Activity in vitro.


	3.5 DISCUSSION
	3.6 FOOTNOTE
	3.7 FES PROMOTER METHYLATION AND PROTEIN EXPRESSION ANALYSIS IN HUMAN COLON SURGICAL SPECIMENS
	3.8 MATERIALS AND METHODS
	3.8.1 Cell Culture and 5-aza-2’-deoxycytidine Treatments
	3.8.2 Immunofluorescence Staining
	3.8.3 Bisulfite Genomic DNA Sequencing

	3.9 RESULTS
	3.9.1 c-fes Promoter is Hypermethylated in Colon Tumor Tissue
	Figure 22: c-fes Promoter is Hypermethylated in Colonic Epithelium Tumors

	3.9.2 c-Fes Protein Expression is Lost in Colon Tumor Tissue
	Figure 23: c-Fes Protein is Expressed in Colorectal Cancer Cells Treated with 5-aza-2’-dC
	Figure 24: c-Fes Protein Expression is Reduced in Colorectal Cancer Tissue.


	3.10 DISCUSSION 
	Table 3: Summary of c-fes Methylation and c-Fes Expression in Human Colon Surgical Specimens


	4.0  DISCUSSION
	4.1 SUMMARY OF MAJOR FINDINGS
	4.1.1 c-Fes Catalytic Regulation
	4.1.2  Regulation of c-Fes Expression in Colorectal Cancer 
	4.1.3 Implications for c-Fes Kinase Regulation
	4.1.4 Implications for c-Fes Expression Regulation

	4.2 FUTURE DIRECTIONS
	4.2.1 c-Fes Oligomerization
	4.2.2 c-Fes and the Colon

	4.3 CLOSING REMARKS




