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Abstract

Vasculogenesis and angiogenesis are of physiological and pathological importance during the process of
development. In this study we address that FGF10 affects both vasculogenesis and angiogenesis in vitro
and in vivo. Evidence indicates FGF10 does not alter the proliferation of HUVECs in vitro, but FGF10
stimulates HUVECs cultured on Matrigel to form capillary-like structures. In chick embryo
chorioallantoic membrane assay, evidence shows FGF10 induces strong angiogenesis responses in vivo.
Together, our studies provide novel insights into the functions of FGF10 during the formation of
newborn blood vessels.
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Introduction
There are two processes during vascular network formation,
vasculogenesis and angiogenesis. Vasculogenesis describes the
differentiation of endothelial precursor cells from mesoderm
and their colescence into tubes of central axial vessels, whereas
angiogenesis is the subsequent sprouting, bridging and
branching from pre-existing vessels [1,2]. Fibroblast growth
factors (FGFs) play an important role in vessel formation as a
stimulatory regulator [3-5]. Of these, the most important and
frequently being studied member in angiogenesis and
vasculogenesis is FGF-2. Studies indicate that FGF-2 exerts a
vital role in vascular responses by increasing EC proliferation
and stimulating migration, and is critical for vascular
development and angiogenesis [6,7]. However, roles of other
FGFs are not well studied as FGF2. There are 7 subfamilies of
FGFs in vertebrates, which signal through FGF receptors 1-4
(FGFRs 1-4) [8]. FGF10 belongs to the FGF7 subfamily whose
receptors are FGFR1 and FGFR2 [8,9]. Studies show that that
FGF10 deriving from the ventral hypothalamus plays an
important role in promoting endothelial outgrowth, and directs
newborn vessels to the chick ventral hypothalamus. However
these studies do not systematically interpret roles of FGF10 in
vascularisation. Here, we report an investigation of angiogenic
function of FGF10 using in vitro and in vivo assays. Although
exogenous FGF10 itself does not appear to increase
proliferation level of human umbilical vein endothelial cells
(HUVECs) significantly, FGF10 stimulates HUVECs cultured
on Matrigel to form capillary-like structures. Furthermore,
FGF10 induced strong angiogenesis responses, causing new
vessel formation in chick embryo chorioallantoic membrane
(CAM). The negative effects of SU5402 in vessel outgrowth
suggest that FGF10 is necessary for angiogenesis. Together,

these studies reveal roles for FGF10, a member of FGF7
subfamily, during the process of vascularisation.

Materials and Methods

Cell culture
Human umbilical vein endothelial cells (HUVECs) were
obtained from the American Type Culture Collection (ATCC,
USA). They were routinely cultured in Dulbecco’s modified
Eagles medium (DMEM) at 37°C in 5% CO2 containing 2.5%
fetal bovine serum (FBS) (basal medium). All cells were used
between passages six and nine.

HUVEC proliferation assay
Cells were seeded at a concentration of 1 × 105/ml, in 3 ml of
basal medium in 6-well plates. After attachment (24 h),
medium was replaced with serum poor medium (SPM),
containing 1% FBS in which the cells grew at a significantly
reduced rate. FGF10 protein (R&D, 100 ng/ml) or its
antagonist SU5402 (GR161486-10 Abcam, 20 µM) was added
and cells incubated for a further 1d, 3d or 5d. After 3 days
culture, serum poor medium (SPM) will be changed with fresh
SPM. After culture, cells were washed in PBS, detached in
0.05%w/v trypsin in PBS, and counted on a Coulter counter
(Coulter Electronics) set to a threshold of 30 µm. Experiments
were performed at least twice in triplicate wells.

In vitro vasculogenesis assay
Matrigel was thawed on ice overnight, and spread evenly over
each well (50 µl) of a 24-well plate. The plates were incubated
for 30 mins at 37°C to allow Matrigel to gel, and HUVECs
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were seeded (2.5 × 104 cells/cm2) and cultured in basal
medium containing FGF10 (100 ng/ml) or SU5402 (20 µM).
Control wells were treated directly in basal medium. After 18 h
of incubation at 37°C, cultures were photographed. Phase
contrast images were recorded using a digital camera (Leica
Imaging System) connected to an Olympus microscope. Seven
random fields were selected and the number of closed tubes
counted.

Chicken CAM angiogenesis
Eggs of 5-day-old chick embryos were opened with a round
window that allowed direct access to underlying
chorioallantoic membrane (CAM). A filter paper disk saturated
with FGF10 (100 ng/ml), SU5402 (20 µM) or an equal aliquot
of PBS was applied to the top of CAM. After 72 hours of
incubation, vessel growth was quantitated by imaging the
CAM with a Spot camera (Nikon, Tokyo, Japan) mounted on
an Olympus microscope (Olympus, Japan) linked to a Dell
computer running Image Pro Plus 6. Vessels were analyzed and
quantitated by using Image Pro Plus 6.

Immunofluorescence analyses
Immunohistochemical analysis of HUVECs was performed
according to standard whole-mount techniques [10]. Antibody
used was: anti-VEGF (Santa Cruz Biotechnology). Secondary
antibodies were conjugated to Alexa 594 or Alexa 488
(Molecular Probes).

Statistical analysis
Statistical analyses were carried out using SPSS19.0 for PC.
Statistical significance of differences in means between groups
was determined using a 2-tailed Student t test. P values less
than or equal to 0.05 indicates a significant difference.

Results
To assess whether FGF10 could stimulate proliferation of
endothelial cells, we culture HUVECs in basal medium with or
without FGF10. Cell number will be counted after 1 d, 3 d, and
5 day’s cultivation. Quantitiative analyses revealed there is no
significant difference between the number of cells cultured in
the control groups and the FGF10 groups. This suggests that
FGF10 is not a stimulator of HUVECs proliferation. However,
addition of SU5402, a small molecule inhibitor that suppresses
tyrosine kinase activity of FGF and vascular endothelial
growth factor (VEGF) receptors [11], decreased cell growth
significantly (P>0.05) (Table 1). This finding indicates the
necessity of FGFs in the growth of blood vessels. Thus, unlike
FGF2, FGF10 appears no apparent functions on the
proliferation of HUVECs.

In order to determine whether FGF10 had an effect on vessel
formation, we next performed in vitro vasculogenesis assay.
Such assay is based on the principle that endothelial cells form
tubule-like structures when cultured on a supportive matrix,
and that this process can be enhanced by classical angiogenic
factors [12,13]. After seeding on Matrigel, HUVECs in basal

media spread and start to align with each other, giving rise to
short sparse tubule like structures within 18 h (data not shown).
In contrast to control groups (Figure 1A), in the presence of
FGF10 (100 ng/ml), VEGF positive HUVECs formed a rich
meshwork of branching capillary-like tubules with multicentric
junctions after cultivation of 18 hours (Figure 1B). When
FGF10 was administered in the presence of SU5402 (20 µM),
the capillary-like tubes were interrupted, and most cells were
spherical, either isolated or aggregated in small clumps (Figure
1C). Image analysis showed that, in comparison with control
groups, FGF10 markedly increased the number of tubule-like
structures of the capillary-like meshwork (Figure 1D).
However, the effect of FGF10 can be significantly
counteracted by SU5402 (Figure 1D). Thus, in this study,
FGF10 shows an effect on vasculogenesis, inducing more de
novo formation of vessels via the branching of endothelial
cells.

Table 1. The number of HUVECs (mean ± SEM) are shown in each
group. Statistical comparisons between groups (FGF10 or FGF
+SU5402 groups versus blank control groups) are also shown.

Groups n 1 d (1 ×
104·ml-1)

3 d (1 ×
104·ml-1)

5 d (1 ×
104·ml-1)

Blank control 6 15.25 ± 1.67 32.38 ± 3.01 71. 45 ± 2.88

FGF10 9 15.27 ± 1.56 32.91 ± 2.59 72.25 ± 4.53

FGF10+SU5402 6 11.43 ± 1.51** 27.43 ± 2.57** 57.71 ± 4.75**

SEM: Standard Error of the Mean; **p<0.01.

Figure 1. Tube formation was assessed after seeding of HUVECs on
matrigel. (A) Control (basal media); (B) FGF10 in basal media; (C)
FGF10 plus SU5402 in basal media. The number of closed tubes per
field was quantified (D). Insets in A, B and C show VEGF expression
in HUVECs. Significant differences compared to control groups are
shown as **P<0.01 and ***P<0.001. Bars are means SEM (n=7).

To further test the effects of FGF10 on angiogenesis, we
extended these studies by using the classic model of
angiogenesis on the chicken CAM in vivo. CAM is an extra-
embryonic membrane with a dense capillary network, and thus
has been commonly used in vivo to study the angiogenesis
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[14]. Filter discs soaked with (100 ng/ml) FGF10 in the
presence or absence SU5402 (20 µM) were placed on 5-day-
old CAM. After 72 hours, each CAM was fixed and
photographed (Figure 2). Greater new vessel growth was
observed in the presence of FGF10 than vessel growth in PBS
control groups (Figures 2A and 2B). Growth of new vessels
was also quantitated by the number of vessels (Figure 2D). In
contrast to vessel growth in PBS groups, there is a significantly
greater vessel growth in the presence of FGF10 (P<0.001)
(Figure 2D). SU5402 block the new vessel growth which is
triggered by FGF10: much less vessel growth was observed in
the presence of SU5402 in comparison with PBS groups
(Figures 2C and 2D).

Figure 2. Effects of FGF10 on new vessel formation in the chicken
CAM model. Filter discs soaked in PBS (A), FGF10 (B), FGF10 plus
SU5402 (C) were applied on 5-day-old CAMs. After 72 hours of
incubation at 37°C, filters were removed, and each CAM was fixed
and photographed. The number of blood vessels was quantified (D).
Bars are means ± SEM (n=7), ***P<0.001.

Discussion
FGF10 is a paracrine-signaling molecule that has import roles
during embryonic development [15]. Our studies have
provided novel insights into the functions of FGF10 during the
formation of blood vessels. The findings presented demonstrate
the roles of FGF10 for formation of vascular structures. FGF10
has an effect on the proliferation of HUVECs, but this effect is
not as apparent as FGF2, consists with previous data that
FGF10 can exert a direct effect on endothelial cells, but this
role is weak [10]. In spite of endothelial cell proliferation, we
show for the first time that FGF10 promotes newborn-vessel
formation in two assays, the vasculogenesis analysis of tube
formation in Matrigel in vitro and the angiogenesis analysis in
the chick-embryonic CAM in vivo. Thus, our results show,
FGF10 related vascularisation is driven by both vasculogenesis
(the de novo formation of vessels via the assembly of
HUVECs) and angiogenesis (vessel formation via sprouting of
pre-existing blood vessels in CAM).

Previous studies show that FGF10 also elongates the outgrowth
of hypothalamic axons, and directs axons to their final targets
[10]. Recently, studies suggest a common mechanism for
axonal and vascular growth; many axon guidance cues instruct
vascular patterning, and vice versa. In the vascular system, the

distal tip of the developing capillaries is composed of ‘tip
cells’, which are similar to axonal growth cones [3,16].
Numerous filopodia can also be detected at the end of the tip
cells, suggesting that they direct the migration of newborn
vessels [3,16]. The anatomical similarity between the axonal
growth cone and the vascular tip cells, and the similar
pathways taken by axons and vessels add more evidence to this
theory that axon guidance cues also function as vascular cues.
For instance, Netrin-1, a conserved axon guidance cue, has
been shown to be a potent vascular mitogen that stimulates
proliferation and migration of vascular endothelial cells and
smooth muscle cells [17,18]. Consistent with this theory, in this
study, we have demonstrated that FGF10, besides its effects as
an axon guidance cue, also has additional functions in
vaculogenesis and angiogenesis.

Three transduction pathways are activated by FGFs: the RAS-
MAP kinase pathway, the PI3 kinase pathway and the PLC •
pathway [19]. There is a hypothesis that FGFRs preferentially
activate distinct signaling pathways resulting in different
effects of FGFs. Moreover, recent studies show that there are
additional signaling pathways in transmitting FGF signaling in
vascularisation [4,20]. Thus, it is conceivable that FGF10 also
preferentially activate distinct signaling pathways resulting in
distinct effects. Next, a further investigation of FGF signaling
may shed light on the mechanism of FGF10 on vascularisation.
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