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Abstract 

Fes (also known as Fps), together with Fer, form the nonreceptor protein tyrosine kinase 
subfamily. The expression of Fes in normal tissues has been shown to be limited to monocytic 
hematopoietic cells, endothelial cells, and some neuronal and epithelial cells. Studies using 
mice expressing activated mutant Fes or cultured endothelial cells indicated that Fes might be 
involved in pathological angiogenesis, suggesting it could be a potential target for anti-
angiogenic therapy. Fes was initially identified as a protooncogene product. However, recent 
studies have indicated that Fes may act also as a tumor suppressor protein in some 
carcinomas, such as colon cancer, based on the identification of inactivating mutated Fes in 
colon cancer tissues and downregulated expression of Fes in some cancer cells. Thus, during 
treatment of these cancers, inhibition of Fes activity may stimulate progression of the 
pathological process. In this short communication, we will review the recent reports on the 
roles of Fes in tumor progression and discuss the problems that must be solved before 
targeting of this kinase in any anti-cancer therapy.  
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Introduction 

Fes (also known as Fps) and Fer define a unique subfamily of non-receptor protein-
tyrosine kinases encoded by a protooncogene, c-fes/fps [1, 2]. Transforming oncogenes, v-fps 
(from Fujinami and PRC-type chicken sarcoma virus) and v-fes (from feline sarcoma virus) 
encode proteins consisting of N-terminal viral gag sequence fused to c-fes- or c-fps-derived 
kinase sequence. The gag-fusion forms exhibit constitutive activation of tyrosine kinase that 
is essential for their transforming potential. Unlike the ubiquitously distributed Fer, Fes is 
only expressed on myeloid hematopoietic cells, vascular endothelial cells, some neuronal and 
epithelial cells [3]. Structurally, Fes consists of a long N-terminal unique region followed by 
an SH2 domain and a protein-tyrosine kinase domain with two autophosphorylation sites 
(Y713 and Y811) [1, 4]. Y713 is a key regulatory residue for Fes kinase activity [5]. The 
unique N-terminal region contains two coiled-coil homology domains (CCDs), which are 
involved in homophilic intermolecular oligomerization, followed by autophosphorylation and 
subsequent activation of tyrosine kinase [6]. Studies using mutant Fes proteins suggested that 
the first CCD negatively regulates kinase activity while the second CCD has a positive 
regulatory role [7]. Regulation of the protein-tyrosine kinase activity by coiled-coil domains 
is a unique defining feature of the Fes/Fer kinase family. 

Mice with targeted deletion of fes gene or mutant mice expressing kinase-inactive Fes are 
viable and fertile, and showed no significant defect during development [8, 9]. Mice 
expressing kinase-inactive Fes showed markedly reduced tyrosine phosphorylation of Stat3 
and Stat5A in bone marrow-derived macrophages in response to granulocyte-macrophage 
colony-stimulating factor (GM-CSF) but not to interleukin (IL)-3 or IL-6 [8]. This suggests a 
distinct nonredundant role for Fps/Fes in signaling from the GM-CSF receptor that does not 
extend to the closely related IL-3 receptor. Mice lacking the expression of Fes had reduced 
numbers of bone marrow myeloid progenitors and circulating mature myeloid cells, and these 
cells were more sensitive to lipopolysaccharide than those from wild type mice [9]. These 
results suggest that the bulk of Fes function in vivo could be dispensable for other protein 
tyrosine kinases. The critical point is that mice positive for the expression of activated mutant 
Fes or v-Fps exhibited increased vascularity or tumorigenicity, indicating that Fes may play 
important roles in tumor development and progression [10, 11]. 

Signal Transduction Pathways Upstream or Downstream of Fes (Tables 1 
and 2) 

Fes is activated by a number of external stimuli. In cells of hematopoietic origin, IL-3, 
IL-4, IL-6, GM-CSF, and erythropoietin activate Fes and Fes is also activated downstream of 
c-kit and IgE receptor FcεRI [12-18]. Furthermore, fibroblast growth factor-2 (FGF-2), 
vascular endothelial growth factor-A (VEGF-A), angiopoietins (Ang), stromal cell-derived 
factor-1α (SDF-1α), and sonic hedgehog (Shh) activate Fes in endothelial cells [19-26]. 
Nerve growth factor (NGF) also activates Fes in PC12 cells [27]. These results indicate that 
growth factor receptor tyrosine kinases and activated cytokine receptors or G-protein-coupled 
receptors are involved at least in part as upstream activators of Fes. Activation of Fes requires 
oligomerization. The common beta subunit of the IL-3 receptor is shared by the receptors for 
IL-5 and GM-CSF. GM-CSF induces physical association between Fes and the common beta 
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subunit of the IL-3 receptor [12]. Receptors for IL-6, oncostatin M, and leukemia inhibitory 
factor, transduce signal through a common β-chain called gp130. Fes associates with gp130 
independently of ligand stimulation [13]. IL-4 induces the association of Fes with the IL-4  

Table 1. Upstream activators of Fes. 

Ligand Possible receptors and/or 
components Cell type References 

IL-3 Common β-subunit of IL-3R Hematopoietic cells [12] 
GM-CSF Common β-subunit of IL-3R Hematopoietic cells [12] 
IL-6 gp130 Hematopoietic cells [13] 
IL-4 α chain of IL-4R Hematopoietic cells [14] 
EPO EPOR Hematopoietic cells [15] 
 c-kit Hematopoietic cells [16,17] 
IgE FcεRI Hematopoietic cells [18] 
FGF-2 FGFR-1 Endothelial cells [19,20] 
VEGF-A  VEGFR-2 Endothelial cells [21,22] 
Ang1, 2 Tie 2 Endothelial cells [23,24] 
SDF-1α CXCR4 Endothelial cells [25] 
Shh Smoothened Endothelial cells [26] 
PEDF unknown Endothelial cells [35] 
NGF NGFR PC-12 cells [27] 
No Src COS-7 cells [34] 
No Bcr-Abl Hematopoietic and 293T cells [60] 
No KAP-1 293T cells [40] 

IL; interleukin, GM-CSF; granulocyte-macrophage colony stimulating factor, EPO; erythropoietin, EPOR; 
EPO receptor, IgE; immunoglobulin E, FGF; fibroblast growth factor, FGFR; FGF receptor, VEGF; vascular 
endothelial growth factor, VEGFR; VEGF receptor, Ang; angiopoietin, PDGF; platelet-derived growth 
factor, PDGFR; PDGF receptor, SDF-1α; stromal cell-derived factor-1α, Shh; sonic hedgehog, PEDF; 
pigment epithelium-derived factor, NGF; nerve growth factor, KAP-1; Kruppel-associated box-associated 
protein-1. 

Table 2. Downstream signaling molecules of Fes. 

Signaling 
molecule Function References 

Bcr Binding to Fes and recruitment of Grb2-Sos complex [29] 
 Activation of Rac1 and Cdc42, leading to neurite outgrowth of PC-12 

cells 
[31] 

PI3-kinase Differentiation of ECs treated by SDF-1α, Shh, and VEGF-A [22, 25, 26] 
 Migration of ECs treated by Ang2 and VEGF-A [22, 23] 
 Proliferation of ECs treated by Ang1  [24] 
 Neurite outgrowth of PC12 cells treated by NGF  [27] 
Fyn Inhibition of differentiation of PEDF-treated ECs by inactivation  [35] 
Src Focal adhesion disassembly and migration of ECs treated by FGF-2  [20] 
STAT1 and 3  Tyrosine phosphorylation and activation [15, 37] 
HSH2  Binding to Fes followed by tyrosine phosphorylation [39] 

EC; endothelial cells, SDF-1α; stromal cell-derived factor-1α, Shh; sonic hedgehog, VEGF; vascular 
endothelial growth factor, Ang; angiopoietin, NGF; nerve growth factor, PEDF; pigment epithelium-derived 
factor, FGF; fibroblast growth factor, STAT; signal transducers and activators of transcription, HSH2; 
hematopoietic SH2 protein. 
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receptor alpha chain [14]. These cytokine receptor subunits aggregate by ligand binding, 
which is subsequently followed by autophosphorylation and activation of non-receptor 
protein tyrosine kinases, such as JAK [28]. Therefore, the binding of Fes to aggregated 
receptor subunits may help the oligomerization of Fes, followed by its activation. However, 
neither direct association of Fes with receptor tyrosine kinases, such as FGF receptor-1, Tie 2, 
VEGF receptor-2, and NGF receptors, nor binding of Fes to particular adaptor proteins 
downstream of these receptor tyrosine kinases to promote Fes oligomerization have been 
demonstrated to date. 

A panel of signaling molecules act downstream of activated Fes. The breakpoint-cluster 
region protein (Bcr) is composed of N-terminal serine/threonine kinase domain, a central 
region homologous to the Dbl guanine nucleotide exchange factor, and a C-terminal GTPase 
activating protein domain for Rho family small GTPases. Fes associates with Bcr between the 
N-terminal unique region and SH2 domain of Fes and N-terminal kinase domain of Bcr [29]. 
Fes-tyrosine phosphorylated Bcr associates with Grb2-Sos complex, an activator of Ras [29]. 
This observation implies the potential role of Fes in Ras/mitogen-activated protein kinase 
(MAPK) signaling. Indeed, constitutively activated MAPK/extracellular signal-regulated 
kinase kinase (MEK) and its target ERK are essential for the proliferation of v-Fes-
overexpressing murine macrophages [30]. Other targets of Fes/Bcr pathway are Rho family 
GTPases, Rac1 and Cdc42. Fes-induced neurite extension in PC12 cells is inhibited by the 
expression of dominant negative Rac1 or Cdc42, and a fragment of Bcr containing Fes 
binding and tyrosine phosphorylation sites [31]. Therefore, Fes-induced neurite extension 
seems to require Bcr-driven Rac1 and Cdc42 activities. On the other hand, Ras, Rac, and 
Cdc42 and their downstream molecules, ERK and c-Jun N-terminal kinase, have been 
reported to be involved in v-Fps-induced fibroblast transformation [32]. These results suggest 
that Fes-regulated Bcr and its downstream signaling diverges either proliferation or 
differentiation in a cell context-dependent manner. 

Another important downstream signaling molecule is phosphoinositide 3-kinase (PI3-
kinase). One of the mechanisms involved in the activation of class I PI3-kinase is the binding 
to tyrosine phosphorylated proteins [33]. In mouse T-cells, Fes is tyrosine phosphorylated 
upon IL-4-stimulation, followed by association with PI3-kinase [14]. In endothelial cells, 
Ang1 and 2 induce autophosphorylation of Fes and activation of PI3-kinase [23, 24]. Ang-
activated PI3-kinase activity was co-immunoprecipitated with wild type Fes, but not with 
kinase-inactive Fes [23]. In the yeast two hybrid system, wild type, but not kinase-inactive 
Fes associated with p85 regulatory subunit of PI3-kinase [23], as has been shown in IL-4-
treated mouse T-cells [14]. Ang1- and 2-induced activation of PI3-kinase is dependent on Fes 
activity, because expression of kinase-inactive Fes (dominant negative for endogenous Fes) 
abolished Ang-induced PI3-kinase activation [23, 24]. Similar results were obtained in 
endothelial cells treated with SDF-1α and Shh [25, 26], suggesting that Fes is an activator of 
PI3-kinase in endothelial cells. PI3-kinase activity was involved in Abg2-directed chemotaxis 
[23] and morphological differentiation of endothelial cells promoted by SDF-1α and Shh [25, 
26]. In VEGF-A-treated endothelial cells, activated PI3-kinase was associated with not only 
activated Fes, but also activated VEGF receptor-2, Src, and tyrosine phosphorylated insulin 
receptor substrate 1 [21]. Therefore, expression of kinase-inactive Fes does not exert a 
dominant negative effect on PI3-kinase-sensitive chemotaxis and capillary morphogenesis 
induced by VEGF-A in endothelial cells. However, our recent study have shown that 
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downregulation of Fes by small interfering RNA (siRNA) significantly inhibited VEGF-A-
promoted chemotaxis and capillary morphogenesis [22], suggesting that Fes may act as not 
only a protein tyrosine kinase, but also a scaffold protein for proper activation of PI3-kinase 
in VEGF-A-treated endothelial cells. In PC12 cells, PI3-kinase was activated and was 
required for neurite extension induced by NGF [27].  

Interaction between Fes and Src family kinases is cell-context dependent. Co-expression 
with wild-type Src and Fyn resulted in potent tyrosine phosphorylation of kinase-inactive Fes 
in Sf-9 cells [19]. In this system, whether tyrosine phosphorylation of Fes results in its 
activation remains elusive. However, coexpression of Fes and active Src in COS-7 cells 
resulted in Fes activation, leading to colocalization of Fes with microtubules [34]. Thus, Src 
acts as an activator of Fes in transfected COS-7 cells. Fyn is inactivated by tyrosine 
phosphorylation of its C-terminal tail by Fes. This inactivation occurred within focal 
adhesions of endothelial cells treated with pigment epithelium-derived factor, which is linked 
to the inhibition of FGF-2-promoted capillary morphogenesis of endothelial cells [35]. In 
FGF-2-treated endothelial cells, activation of Fes enhanced FAK-dependent activation of Src 
within focal adhesions, leading to disassembly of focal adhesion and subsequent migration 
toward FGF-2 [20]. 

Signal transducers and activators of transcription (STATs) are SH2 domain containing 
transcription factors. They are tyrosine phosphorylated followed by their dimerization upon 
stimulation by a variety of cytokines/growth factors and subsequently enter into nuclei for 
transcriptional activation [36]. STAT3 is tyrosine phosphorylated and activated by Fes in 
human 293T cells or insect Sf-9 cells co-transfected with STAT3 and wild type Fes, but not 
with kinase-inactive Fes [37]. Unlike STAT3, activation of STAT5 was not observed in these 
systems [37]. Fes was involved in EPO-induced activation of STAT1 and STAT3 in UT-
7/EPO cells and 293T cells [15]. Thus, STAT1 and STAT3 act as downstream effectors of 
Fes.  

The adapter protein hematopoietic SH2 protein (HSH2) is involved in the survival and 
differentiation of B-cells [38]. It has been shown that Fes and activated Cdc42-associated 
tyrosine kinase bind to and tyrosine phosphorylate HSH2 [39]. Fes would thus be a possible 
regulator of B-cell survival and differentiation.  

The transcriptional co-repressor Kruppel-associated box-associated protein (KAP)-1 was 
found to interact with Fes second coiled-coil domain [40]. KAP-1 forms a complex with 
heterochromatin proteins and histone deacetylases to repress transcriptions [41-43]. Co-
expression of Fes and KAP-1 in 293T cells induced Fes autophosphorylation and subsequent 
tyrosine phosphorylation of KAP-1. Thus, KAP-1 acts as both an upstream and downstream 
signaling molecule of Fes [40].  

Expression of Fes in Human Malignant Cells and Neoplastic Tissues 

Although Fes is expressed in only a few types of normal cells, tumor cells from various 
origins have been found to express Fes gene and/or protein. Since early studies demonstrated 
that Fes was expressed in hematopoietic cells of myeloid origin [44], expression of Fes was 
preferentially observed in myelogenous leukemia cells rather than lymphoid leukemia cells 
[45, 46]. However, the expression has been also detected in some B-cell lymphomas and cell 
lines derived from patients with Hodgkin's disease [47, 48]. In solid tumors, Fes protein is 
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expressed in lung cancers (51.2% of adenocarcinoma, 26.3% of squamous cell carcinoma, 
35.7% of large cell carcinoma, and 15.4% of small cell carcinoma) [49]. Copy number gain of 
fes gene has been observed in diffuse gastric cancers [50], oral squamous cell carcinomas 
[51], and glioblastomas [52]. Fes transcript is increased in ovarian adenocarcinomas, mixed-
Mullerian tumors [53], and renal cell carcinomas [54]. In contrast, expression of Fes gene is 
reported to be downregulated in melanomas and anaplastic thyroid carcinomas when 
compared with normal melanocytes or thyroid tissue, respectively [55, 56].  

It is not clear at this stage whether the expression of Fes gene and protein correlates with 
tumor progression and prognosis because of the lack of large clinicopathological studies. 
Furthermore, whether the expression of Fes benefits the proliferation, survival, and invasion 
of tumor cells needs further analysis. 

Is Fes a Tumor Suppressor Protein? 

Fusion proteins, Bcr-Abl (p210 and p185), produced by chromosomal translocation, are 
associated with leukemogenesis (p210 in chronic myelogenous leukemia, CML and p185 in 
acute lymphocytic leukemia) [57, 58]. Fusion to the N-terminal Bcr sequence induces 
constitutive activation of Abl protein tyrosine kinase. Introduction of Fes into the CML cell 
line K-562 induced growth arrest and terminal differentiation [59], suggesting that Fes may 
inhibit the progression of CML through interaction with Bcr-Abl. Coexpression of Fes with 
Bcr-Abl in 293T cells promoted reciprocal transphosphorylation, resulting in the activation of 
Fes [60]. This result suggests that Bcr-Abl may act as an upstream activator of Fes. 
Interestingly, Bcr-Abl-induced cytokine-independent outgrowth of myeloid leukemia cells, 
DAGM cells, was markedly inhibited by the presence of wild type Fes, but not by kinase-
inactive Fes [60]. Thus, it seems likely that Fes exerts antiproliferative effect on leukemia 
cells expressing Bcr-Abl and that inhibition of Fes activity may favor the progression of Bcr-
Abl-driven leukemia.  

Analysis of 147 colorectal cancer tissues by Bardelli and coworkers [61] found 4 somatic 
mutations of the kinase domain of Fes, including M704V, R706Q, V743M, and S759F. These 
mutations were not found in Korean or Japanese colorectal cancer patients [62, 63]. 
Functional studies by two independent groups have shown that M704V, V743M, and S759F, 
or M704V, R706Q, and V743M mutations downregulated the kinase activity of Fes [64, 65]. 
Both groups expressed the mutant Fes in 293T cells. It is not clear why either R706Q or 
S759F mutations did not commonly exhibit reduced Fes kinase activity. Sangrar et al. [64] 
also showed that mice targeted with either null or kinase-inactive fes developed early-onset 
breast cancer in transgenic ice with mammary epithelial-specific expression of polyoma 
middle T antigen. Furthermore, Delfino and colleagues [65] demonstrated that introduction of 
wild type Fes into colorectal cancer cells, HT-29 and HCT 116 cells, inhibited anchorage-
independent growth of these cells in soft agar. These results suggest that Fes may have tumor 
suppressor functions in epithelial malignancies. However, the downstream signaling 
molecules that are involved in these tumor suppressive functions have not been identified yet.  
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Figure 1. (A) Treatment of bladder cancer cells (EJ-1, T-24, and UM-UC-3 cells) with Fes siRNA (50 
μM) downregulates the expression of endogenous Fes. EJ-1 and T-24 cells were obtained from 
Japanese Cancer Research Resources Bank and UM-UC-3 cells were kindly provided by Dr. Hiro-omi 
Kanayama at the Department of Urology, The University of Tokushima Graduate School Institute of 
Health Bioscience. Cells were seeded onto coverslips and then treated with either negative control 
siRNA or Fes siRNA (Qiagen, Ref. [22]). Three days later, cells were fixed and Fes protein was 
visualized with anti-Fes (H-65) antibody (Santa Cruz Biotechnologies) by indirect immunofluorescent 
staining. Endogenous Fes distributed mainly in the nuclei and perinuclear area in EJ-1 and T-24 cells, 
whereas Fes was observed throughout the cytoplasm in UM-UC-3 cells. (B) Treatment with Fes siRNA 
dose-dependently inhibits the proliferation of bladder cancer cells. Cells wee seeded into wells of 24-
well plates and then treated with siRNA at indicated concentrations. Three days later, cells were 
detached by trypsin and their number was counted. Data are expressed as means ± SD for triplicate 
wells.  
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To our knowledge, there are no reports describing Fes expression in bladder carcinoma 
cells. We examined the expression and the effect of Fes downregulation by siRNA in three 
human bladder carcinoma cell lines. As shown in Fig. 1, treatment with siRNA for Fes 
downregulated the expression of Fes protein in these cells. Interestingly, downregulation of 
Fes inhibited the proliferation of three bladder carcinoma cell lines. Furthermore, 
downregulation of Fes expression suppresses its kinase activity and scaffold function of Fes 
protein. These results raise the possibility that targeting Fes by a specific siRNA may inhibit 
angiogenesis as well as proliferation of human bladder cancer cells in clinics. Although the 
absence of Fes protein accelerated breast carcinogenesis in mutant mice [64], downregulation 
of Fes decreased the proliferation of bladder cancer cells. The reason for the discrepancy 
between the results of mutant mice and ours is unknown at present. One possibility is that 
breast carcinogenesis involves initiation and progression steps to transform normal cells into 
cancer cells, whereas cancer cells do not require further progression steps. Thus, cancer cells 
may use Fes for proliferation, and expression of Fes protein may affect the transformation of 
normal cells during development.  

Conclusion 

Fes is involved in a variety of angiogenic cellular responses by endothelial cells. 
Approaches based on Fes targeting may be a potentially useful therapeutic strategy in cancer 
patients through inhibition of tumor-related angiogenesis. Before this strategy could be 
ascertained, it is important to examine whether inhibition or downregulation of Fes inhibits 
angiogenesis in vivo. Also, Fes may act as a tumor suppressor in certain malignancies, and 
thus inhibition of Fes kinase activity in any treatment of human cancers may favor the 
progression of the disease. Hence, it is important to examine the role of Fes in proliferation, 
survival and motility of a wide variety of tumor cells.  

Because of the lack of small molecular weight synthetic kinase inhibitors for Fes [4], 
downregulation of Fes (e.g., treatment with specific siRNA) or introduction of kinase-inactive 
Fes into tumor cells may be helpful [66, 67]. Clinically applicable strategy for in vivo gene 
delivery of Fes siRNA to tumor tissue can be achieved by transcatheter intra-arterial 
administration of liposomes or vectors containing siRNA via feeding arteries of tumors. This 
approach can be used for the treatment of advanced renal cell carcinomas, primary and 
secondary hepatic tumors, and bladder cancers. 

Progress in proteome analyses and microarray studies may reveal a relationship between 
Fes expression and progression of human cancers. If overexpression of Fes is associated with 
high tumor stage and poor prognosis in certain cancers, downregulation of Fes may be 
effective in halting cancer progression. Correlation analysis of clinicopathological features 
and Fes expression is therefore important to conjecture whether Fes plays a role in tumor 
progression and suppression. 

Finally, it is also important to identify the signaling pathways involved in Fes-mediated 
tumor suppressive function. Many signaling molecules have diverse functions, such as 
induction of differentiation, growth arrest and stimulation of cell survival. In many cases, the 
mechanisms how signaling molecules decide the cell fate (e.g., proliferation or 
differentiation) in response to external stimuli are not well understood. However, if the 
effecter molecule that mediates Fes-induced tumor suppression is identified, simultaneous 
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inhibition of this molecule and Fes kinase activity could be beneficial in the control of 
advanced cancers. 
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