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Abstract
Purpose of review—Fibroblast growth factors (FGFs) are potent angiogenic inducers; however,
their precise roles in angiogenesis have not been well understood. In this review, we will focus on
specific roles played by FGFs in neovascularization.

Recent findings—Whereas FGFs promote a strong angiogenic response, it has been suggested
that FGF-induced angiogenesis requires activation of the vascular endothelial growth factor (VEGF)
system. Recent findings have endorsed this view: indirect contribution of FGF signaling to vascular
development. A study using embryoid bodies demonstrated a non-immediate role played by FGFR1
in vasculogenesis since VEGF supplementation was sufficient to promote vascular development in
Fgfr1-/- embryoid bodies. Moreover, another line of evidence indicated that myocardial FGF
signaling is essential for mouse coronary development. The key role of FGF signaling is Hedgehog
activation, which induces VEGF expression and formation of the coronary vasculature.

In addition to VEGF interaction, FGFs can control neovascularization by influencing other growth
factors and chemokines such as PDGF, HGF and MCP-1, contributing to development of mature
vessels and collateral arteries.

Summary—Although FGFs are potent angiogenic factors, they may indirectly control
neovascularization in concert with other growth factors. Thus, the unique role played by FGFs might
be organization of various angiogenic pathways and coordination of cell-cell interactions in this
process.
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Introduction
In 1974, Gospodarowicz reported an activity in the bovine pituitary extract capable of
stimulating the division of BALB/c 3T3 fibroblasts that later was determined to be basic FGF
(FGF2) [1]. The FGF activity was subsequently demonstrated in many cell types including
endothelial cells. Acidic FGF (FGF1), initially reported as endothelial cell growth factor
(ECGF), was identified several years after the discovery of FGF2 [2-4]. The molecular
characterization of FGF proteins was, however, not fully resolved until Shing, Folkman, and
Klagsbrun discovered that heparin sepharose chomatography can be used as a very powerful
method to purify heparin-binding growth factors including FGFs [5]. Since then, the FGF
family, along with other angiogenic growth factor families, has been extensively studied with
regard to its ability to promote angiogenesis, leading to accumulation of an enormous amount
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of knowledge. However, the precise role played by FGFs in this process remains elusive. Unlike
VEGFs, FGFs are pleiotropic molecules capable of acting on a variety of cell types including
cells of endodermal, mesenchymal and neuroectodermal origin. This raises a possibility of the
FGF function to orchestrate angiogenesis by regulating various cell-cell interactions.

The FGF system comprises one of the most versatile growth factor signaling families in
vertebrates, playing critical roles in a wide variety of biological processes [6]. In mice and
humans, twenty-two FGF ligands and four tyrosine kinase receptors which are subjected to
multiple splicing events have been identified [7]. Furthermore, there is a number of co-
receptors and cell-surface and cytoplasmic proteins that modulate FGF signaling in a tissue
and cell-type specific manner [8]. These signaling modulators may explain FGFs’ diverse
functional properties which are capable of producing different effects even in the same cell
type depending on the biological context.

One of the key barriers to deciphering the precise function of this complex family in
angiogenesis is the paucity of information from knockout studies. Mouse embryos that are null
for Fgfr1 or Fgfr2 die at very early stages of development, curtailing further studies to evaluate
their contribution to vascular development [9-11]. Moreover, neither Fgfr3 nor Fgfr4 knockout
mice show vascular defects [12-14]. At the same time, while FGF1 and FGF2 are known to
induce angiogenesis in vivo, Fgf2-/- mice demonstrate a mild delay in wound repair, but no
alteration in the vessel repair following mechanical injury [15,16]. Essentially no abnormalities
were found in mice lacking only Fgf1 [17]. Furthermore, the double knockout of Fgf1 and
Fgf2 failed to show abnormalities in angiogenesis, implying extensive redundancy of the ligand
system and leaving the distinct role of FGF1 or FGF2 in vascular development unclear [17].

Thus, key roles of FGFR1 and R2 in early development and the redundant functionality among
various FGFs have combined to frustrate traditional knockout approaches to examine FGFs’
function in the vasculature. However, recent studies using advanced techniques have begun to
illustrate distinct roles played by FGFs. In this paper, we will endeavor to elucidate specific
roles played by the FGF system in neovascularization, especially with emphasis on interplay
with other growth factors such as VEGF and platelet-derived growth factor (PDGF).

Lessons from clinical trials
Double-blind randomized clinical trials aiming at therapeutic application of angiogenic growth
factors in patients with ischemic heart diseases have so far failed to demonstrate therapeutic
efficacy of any single growth factor delivery [18,19*]. This leads to the conclusion that
administration of a single growth factor is not sufficient to support the formation of dependable
blood vessels, suggesting that generating functionally reliable vasculature requires multiple
growth factors and these growth factors play unique roles even though they can uniformly
promote neovascularization in many experimental settings. It has been known that FGF2 and
VEGF-A, two prototype angiogenic factors, stimulate distinct subsets of gene expression and
generate different types of capillaries [20,21]. Now, it is recognized that the understanding of
the specific role of each growth factor is an important step to successfully promote therapeutic
angiogenesis.

Angiogenic mechanism of FGF -controlling from behind the scenes
Several lines of evidence have indicated FGF regulation of the VEGF system in the angiogenic
process [22]. FGF2 stimulates VEGF expression in endothelial cells and stromal cells, which
is required for the FGF’s angiogenic response [23-25]. FGF signaling, furthermore, controls
VEGFR2 signaling responsiveness (Murakami and Simons, unpublished observations).
Ectopic expression of FGFR1 in hepatocytes, commonly observed in hepatocellular carcinoma,
accelerates tumor growth by driving VEGF-induced angiogenesis [26]. One key player to
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explain this FGF-induced VEGF expression is the Shc protein, an adaptor molecule recruited
to FGFRs upon activation, which plays a crucial role in receptor tyrosine kinase-dependent
VEGF gene expression [7,27].

Conversely, FGF signaling inhibition affects angiogenesis due to VEGF insufficiency. Glioma
cell tumors expressing dominant-negative FGFR demonstrate a profound angiogenic defect
paralleled by downregulation of VEGF expression [28]. Lack of FGF signaling in retinal
pigmented epithelium during eye development strongly affects choroidal angiogenesis,
including the absence of astrocytes which are responsible for VEGF production [29]. Similarly,
FGF-induced angiogenesis is inhibited by a neutralizing antibody against VEGF-A, a blocking
antibody against VEGFR or a VEGF-trap in many experimental settings [23,25,30,31]. A
genetic study also indicates similar dependency; identification of genetic loci that control the
angiogenic response revealed that FGF2 responsiveness correlates generally with VEGF
responsiveness and is partially explicable by VEGF responsiveness [32]. Thus, FGF signaling
seems to require VEGF signaling for its angiogenic potential in vivo.

On the other hand, once VEGF is expressed, its ability to induce angiogenesis appears to be
independent of FGF signaling. For example, while VEGF expression and vascular formation
are impaired in Fgfr1 -/- embryoid bodies, VEGF supplementation corrects this defect.
Furthermore, Vegfr2 -/- embryoid bodies fails to develop vessels in the presence of FGF2
[33]. Importantly, exogenous FGF2 is able to generate the vasculature in normal embryoid
bodies, implying that the FGF system controls the angiogenic process upstream of VEGF.

Recent studies have further elucidated the distinct roles played by different growth factor
systems in coronary artery development. FGF9, derived from epicardial and endocardial origin,
activates FGF signaling to cardiomyoblast, resulting in Hedgehog signaling activation. This,
in turn, induces VEGF-A, VEGF-B, VEGF-C and angiopoietin 2 expression, leading to the
formation of the coronary vascular plexus [34**].

Caution is needed when determining direct dependency between growth factor systems since
gene expression is subjected to complex regulation by feedback loops. Nonetheless, other
examples also point to the indirect but central role of FGF signaling in angiogenesis. FGF2
directly stimulates in vitro mRNA synthesis of hepatocyte growth factor (HGF), another potent
angiogenic growth factor, and in vivo HGF expression in ischemic muscle is influenced by
FGF2 availability [35]. FGF2 further upregulates MCP-1 (monocyte chemoattractant
protein-1) expression in cultured endothelial cells and controls its function in vivo [36,37] (see
below).

In contrast, the FGF effect on mural cells, i.e., vascular smooth muscle cells (VSMC) and
pericytes, appear to be more complex. It is widely accepted that associations of mural cells
with newly formed microvessels contributes to vessel maturation [38]. PDGF displays potent
biological activities on VSMC which express abundant PDGFRs; therefore, it has been
generally thought that PDGF, especially PDGF-BB, directly promotes mural cell recruitment
[39]. Recent studies, however, indicates that PDGF-BB alone is not sufficient for vessel
maturation and surprisingly, overexpression of PDGF-BB in tumor cells results in dissociation
of smooth muscle cells from tumor vasculature [40,41*]. These studies suggest that additional
factors are required for vessel stability. Although FGF2 alone seems to induce modest vessel
maturation, accumulating evidence indicates that a combination of FGF2 and PDGF-BB
synergistically promote formation of stable vessels which remain stable for a long period of
time even after depletion of angiogenic factors [42,43]. In the absence of FGF2, endothelial
cells lack responsiveness to PDGF-BB due to their restricted expression of PDGFR. FGF2
increases endothelial PDGFR levels, thereby enhancing sensitivity to PDGF-BB [41]. In line
with this observation, FGF2’s priming effect on VSMC is also reported possibly through
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upregulation of PDGFR in VSMC [44]. PDGF-stimulated migratory function of VSMC is
potentiated by FGF2 treatment [45]. Notably, this synergistic effect on long-term vessel
stabilization is not observed with combinations of FGF2 and VEGF or PDGF-BB and VEGF
[43].

FGF contribution to collateral development and muscle regeneration
Inflammatory responses that often occur in conjunction with neovascularization are known to
accelerate vessel growth. Although a number of growth factors and cytokines are involved,
FGFs potentially play a pivotal role in immune cell-mediated vessel growth. Monocyte/
macrophage recruitment is an important step to promoting post-ischemic angiogenesis [46].
Monocyte chemoattractant protein-1 (MCP-1) is a cytokine belonging to CC chemokine family
which regulates inflammation by recruiting immune cells, such as monocytes, to sites of tissue
injury and infection. Recent studies have demonstrated that MCP-1 is one of the most potent
drivers of arteriogenesis (collateral vessel formation) and the FGF system is involved in this
process [47,48]. Arteriogenesis is thought to occur by the growth and remodeling of preexisting
arteries and by de novo arterialization of the capillary network [49]. The initiation of
arteriogenesis does not seem to be triggered by either an increased expression of VEGF or
hypoxia-inducible genes such as HIF-1α, and, also, the arteriogenic process is not accelerated
by infusion of VEGF [50]. Both angiogenesis and arteriogenesis can occur in ischemic tissues
as compensatory mechanisms for impaired arterial inflow and tissue perfusion. In the mouse
critical limb ischemia model, FGF2 gene transfer induces MCP-1 and VEGF expression in
non-endothelial mesenchymal cells such as VSMC and fibroblasts via distinct signaling
pathways, thereby promoting arteriogenesis driven by MCP-1 and angiogenesis by VEGF.
Unlike TNFα-induced MCP-1 expression which is observed in many cell types, FGF2-
stumilated upregulation of MCP-1 is only found in non-endothelial mesenchymal cells.
Blockade of MCP-1 activity significantly diminishes the FGF2-induced arteriogenic response
[37].

In the post-ischemic tissue recovery, restoration of arterial blood supply normally leads to
tissue regeneration coupled with concomitant angiogenesis. It has been reported that FGF2 and
FGF6 strongly promote skeletal myocyte regeneration in conjunction with an increased
angiogenic response [51]. Importantly, myogenesis and angiogenesis appear interdependent
as it has been shown that myocyte-derived angiogenic factors are critical for angiogenesis
[52]. Syndecans, a family of cell-surface transmembrane heparan sulfate proteoglycans
(HSPGs) function as a non-tyrosine kinase receptor system for FGF signaling and positively
regulate angiogenesis [53]. Syndecan-3 and syndecan-4 play important regulatory roles in
skeletal muscle regeneration by promoting satellite cell maintenance, activation, proliferation,
and differentiation [54]. Moreover, it is noteworthy that neural cell adhesion molecule
(NCAM), which is abundantly expressed in regenerating myotubes, is an FGFR binding protein
and implicated in modulation of FGF signaling [55].

FGF’s regulatory roles in neovascularization
Morphological differences between FGF- and VEGF-induced capillaries argues for differential
roles of these growth factors in angiogenesis [21]. VEGF, being a potent inducer of vascular
permeability, is known to cause edema and lead to formation of hemangiomas in high
concentrations [56-58]. By contrast, these deleterious effects are not reported with FGF
overexpression [59,60]. Furthermore, in the experimental model of limb ischemia, comparison
of FGF2 and VEGF-A gene delivery demonstrated that VEGF overexpression accelerates limb
loss with a decreased blood perfusion recovery [31]. FGF2 gene delivery increases endogenous
VEGF expression and FGF2’s therapeutic effect is abolished with an anti-VEGF neutrarizing
antibody, strongly suggesting that although VEGF is critical for the neovascularization process,
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its expression needs to be tightly regulated [31]. In contrast, FGF-induced newly formed vessels
are often characterized as functionally mature with increased mural cell investment.

In the process of mural cell recruitment in angiogenesis, N-cadherin appears to play a critical
role with its ability to mediate heterophilic adhesion between endothelial cells and mural cells,
thereby contributing to vessel maturation and stabilization [61,62]. Underlying mechanisms to
promote this endothelial-mural cell interaction are not well understood; however, a recent
report strongly implicates involvement of sphingosine 1-phosphate (S1P), a sphingolipid
metabolite found in high concentrations in platelets and blood. Inhibition of N-cadherin
expression with small interfering RNA profoundly attenuates the process of vascular
stabilization in vitro and in vivo [63]. Interestingly, N-cadherin is known to directly associate
with FGFR and modify FGF signaling by inhibiting the ligand-induced internalization of cell-
surface FGFR. It is, therefore, plausible that FGF-induced mural cell recruitment involves S1P
signaling.

Related to its potential role in regulation of vessel stability, FGF may contribute to the
maintenance of newly formed capillaries. This is suggested by a study using spontaneous β-
cell pancreatic tumors of Rip1TaG2 mice. Whereas adenoviral expression of soluble VEGFR1
predominantly affected the initiation of tumor angiogenesis, soluble FGFR appeared to impair
the maintenance of tumor angiogenesis [64].

The other layer of FGFs’ regulatory function may reside in the control of cell survival. FGF1
and FGF2 are widely accepted as cardioprotective agents. Although the underlying mechanism
is not fully understood, there is a strong evidence supporting direct protective effect on cardiac
myocytes by FGF2, independent of its angiogenic effect [65,66*]. Similarly, FGF-2 has been
shown to be a survival factor for vascular cells, i.e., VSMC and endothelial cells [67,68]. FGF2
regulates endothelial apoptosis in the course of angiogenesis; however, its effect seems highly
context dependent. FGF2 can activate anti-apoptotic factors phosphoinositide-3 kinase (PI3K)-
Akt and Bcl-2 in the 2-dimentional (2D) endothelial culture system, thereby inhibiting
apoptosis [69]. However, when endothelial cells are cultured in the 3D-collagen gel system,
FGF2-induced p38 MAPK activation regulates angiogenesis by possibly increasing apoptosis
[69,70].

Conclusion
Angiogenesis, among other biological processes, is an intricate process that involves many cell
types playing different roles. Given that the FGF system is capable of regulating other growth
factor signaling, it is, therefore, reasonable to speculate that the FGF system is positioned
upstream of more specialized growth factor systems such as VEGF for endothelial cells and
PDGF for smooth muscle cells, thus orchestrating the entire angiogenic process in an indirect
manner (summarized in figure 1).

Growth factor functions are regulated in a complex fashion with multiple feedback systems
influencing many cell types; hence, it is extremely difficult to elucidate unique roles of each
growth factor unless it is specific to a single cell type. The limitation of current cell biology
techniques which are largely dependent on the monoculture system basically precludes the
investigation dealing with interplay between different cell types. In addition to largely
uninformative knockout studies of individual FGF family members, the lack of suitable
experimental technique is a major obstacle in the investigation of FGF functions in neovascular
development. Therefore, one has to keep in mind that FGF’s true functions can be disguised
because of oversimplified experimental settings and despite technical difficulties, it is critically
important to design experiments to reflect more physiological situations.
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Clarifying specific roles of angiogenic growth factors in the neovascularization process
remains an arduous challenge; nonetheless, it will lead to an understanding of the precise
mechanism of angiogenesis and, ultimately, the development of new therapeutic concepts.
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Figure 1.
Indirect control of neovascularization by the FGF system FGFs promote angiogenesis and
arteriogenesis by coordinating other growth factor systems. FGF-induced angiogenesis
requires expression of VEGF in the subset of cells including cardiomyocyte, stromal cells and
endothelial cells, resulting in the activation of endothelial VEGF signaling. In addition, FGF
can induce HGF expression to drive angiogenesis. FGF potentiates PDGF-induced vascular
maturation possibly through FGF-stimulated expression of PDGFR. Moreover, FGF stimulates
MCP-1 synthesis in endothelial cells, which, in turn recruits monocytes to drive an arteriogenic
response. EC, endothelial cells; VSMC, vascular smooth muscle cells
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