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Abstract

Endothelial cells line the blood vessel and precursor endothelial cells appear to have a pivotal effect on the organ formation of the
heart, the embryonic development of the kidney, and the liver. Several growth factors including the fibroblast growth factors (FGF) seem
to be involved in these processes. Ligands such as basic FGF produced and secreted by endothelial cells may also coordinate cellular
migration, differentiation, and proliferation under pathological conditions including wound healing, tumorgenesis, and fibrogenesis in
the adult. Recently we demonstrated the expression of two secreted FGFs, FGF16, and FGF18, in HUVEC and in rat aortic tissue.
In the present report, we confirmed by RT-PCR analysis that FGF18 is wildly expressed in the cardiovascular tissue, while FGF16
showed a more restricted expression pattern. HUVEC clearly demonstrated chemotaxis towards FGF16 and FGF18. Both FGFs also
enhanced cell migration in response to mechanical damage. However, recombinant FGF16 and FGF18 failed to induce endothelial cell
proliferation or sprouting in a three-dimensional in vitro angiogenesis assay. Fgf18 expression was earlier reported in the liver, and we
detected FGF18 expression in liver vascular and liver sinusoidal endothelial cells (LSECs), but not in hepatic parenchymal cells. Recom-
binant FGF18 stimulated DNA synthesis in primary hepatocytes, suggesting, that endothelial FGF18 might have a paracrine function in
promoting growth of the parenchymal tissue. Interestingly, FGF2, which is mitogenic on endothelial cells and hepatocytes stimulates a
sustained MAPK activation in both cell types, while FGF18 causes a short transient activation of the MAPK pathway in endothelial cells
but a sustained activation in hepatocytes. Therefore, the difference in the time course of MAPK activation by the different FGFs appears
to be the cause for the different cellular responses.
© 2006 Elsevier Inc. All rights reserved.
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The FGF ligand family comprises at present at least 23
structurally related polypeptides. FGFs are important
modulators of cellular proliferation, migration, and differ-
entiation depending on cell type and tissue context. Recen-
tly, we reported a systematic survey of the mRNA
expression of the FGF ligands and FGF receptors in pri-
mary endothelial cells (HUVEC) and vascular smooth
muscle cells (HUASMC). Most interestingly, HUVEC
and HUASMC express the identical FGF ligand and
receptor panels, suggesting that regarding the FGF family
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both types of cells act more as an entity than as two sepa-
rate cell systems. In addition, we tested rat and human
aortic tissue for the presence of those FGF ligands and
found both FGFs expressed by the vascular cells. Next to
FGF1, FGF2, and FGF7 expression, we also detected in
human aortic tissue protein and mRNA expression of
two secreted FGFs, FGF16, and FGF18. FGF18 and
FGF16 immunoreactivity was found in the aortic
endothelial cells and the smooth muscle cells. Interestingly,
a substantial part of the FGFI18 staining appears to be
localized in the cell nucleus, in particular in the nucleus
of the smooth muscle cells [1]. FGF stimulation leads
to tyrosine auto-phosphorylation of four high-affinity
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tyrosine kinase FGF receptors (FGFR1-FGFR4). The
extreme FGF signal is transduced by recruitment of signal-
ling proteins to the tyrosine auto-phosphorylation sites on
the activated FGF receptor and to linked docking proteins
creating additional binding sites to further signalling mole-
cules. The docking protein SNT-1/FRS2 (fibroblast growth
factor receptor substrate2) binds constitutively to the juxt-
amembrane domain of FGFR1 (aa 407-433) and links
FGFR activation to the RAS/MAPK signalling pathway
[2-4]. FRS2 appears to play the leading role in signalling
via FGF receptors and is crucial for mitogen-activated pro-
tein kinase (MAPK) activation, PI-3 kinase stimulation,
chemotactic response, and proliferation. The extracellular
signal-regulated kinase (ERK) 1 (p44 MAPK) and ERK2
(p42 MAPK) have been shown to be critical for induction
of cell proliferation as well as for differentiation and migra-
tion [5].

FGF2 induces a wide range of effects on endothelial cells
including cell proliferation, production of ECM modifying
proteases, and cell migration. In many in vivo and in vitro
systems FGF2 has proved its effectiveness to induce neo-
vascularization and endothelial cell sprouting [6—12]. The
effects of others than the prototypical FGFs FGF1 and
FGF2 are not well documented in the vascular system. Bio-
logical activities promoted by different FGFs may account
for the pleiotrophic responses of endothelial cells after
stimulation of the FGF signal pathway.

In the present work, we reported the expression in the
cardiovascular system and activities of two secreted FGFs,
FGF16, and FGF18, in endothelial cells. Significant differ-
ences were observed in the biological responses of HUVE
cells when stimulated with FGF2 or FGF16 and FGF18.
We employed a three-dimensional angiogenesis system to
analyse the sprouting capacity of the FGFs and a wound
assay to investigate migration and cell proliferation. In
contrast to FGF2, FGF16, and FGF18 stimulated endo-
thelial cell migration without cell proliferation and failed
to induce a sustained activation of ERK1/2 as seen with
FGF2. Our data demonstrate that different FGF molecules
may exert different cell responses by the longevity of MAP
kinase activation.

Materials and methods

Antibodies and growth factors. Recombinant human VEGF, FGF1,
FGF2, FGF16, and FGF18 were obtained from Peprotech (London, GB).
FGF antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-phosphorylated Akt polyclonal antibodies, anti-phos-
phorylated p44/42 MAPK polyclonal antibodies and anti-p44/42 MAPK
polyclonal antibodies were obtained from Cell Signaling Technology, Inc.
(Beverly, MA). Anti-phosphorylated p38 monoclonal antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture. Human umbilical vein endothelial cells (HUVEC),
Human umbilical artery smooth muscle cells (HUASMC), endothelial cell
growth medium (ECGM), endothelial cell basal medium, and smooth
muscle cell growth medium 2 (SMCGM?2) were purchased from Promocell
(Heidelberg, Germany). Fetal Calf Serum (FCS) was obtained from Bio-
chrom (Berlin, Germany). Cells were cultured at 37 °C in 75-cm? tissue
culture dishes in the corresponding media, routinely split in a 1:4 ratio,

and frozen in liquid nitrogen at passage 4. HUVE cells cultured from
passage 5 to 8 were used for experiments. Hepatocytes were essentially
isolated from male Sprague-Dawley rats following the collagenase method
of Seglen as described [13]. Hepatocytes were seeded at a density of
5% 10*cm® on collagen-coated dishes in Hepatozyme-SFM (Gibco).
Isolation and purification of rat liver sinusoidal endothelial cells (LSEC)
was performed as described [14]. The endothelial cells were either directly
used for RNA preparation or seeded on collagen-coated dishes for further
experiments. Purity was assessed by staining with Dil-Ac-LDL (Paesel &
Lorei, Frankfurt) and FITC coupled latex beads (Fluoresbrite plain YG
1.0 um microspheres, Polysciences, Eppelheim). Purity of viable LSE cells
was at least 95%.

Cell proliferation assay. A cell proliferation kit supplied by Roche
(Roche Diagnostics) was used. Briefly, HUVE cells were grown on col-
lagen-coated 8-chamber slides to about 50% confluence and serum-starved
(1% ECGM in basal medium, 5 pg/ml heparin) for 48 h. Quiescent cells
were then stimulated with the different growth factors mentioned above.
After 16 h, cells were pulse-labelled with 5-bromo-2'-deoxyuridine (BrdU)
for 4 h. After being labelled, the cells were fixed and the incorporated
BrdU was detected with a monoclonal antibody and visualized with a
second, peroxidase-conjugated anti-mouse immunoglobulin G antibody.

To determine proliferation of primary rat hepatocytes, 100,000 cells
per well were seeded in 24-well plates encoated with collagen (rat tail
collagen type I, BD Bioscience) in 1 mL hepatozyme-SFM (HSFM,
Gibco). One day after seeding, the medium was changed to basal medium
(Williams modified Eagle’s medium, Sigma, St Louis, MO) supplemented
with glutamine (2 mM), insulin (1.67 uM), dexamethasone (3 M), and
heparin (0.5 pg/mL). Twenty-four hours later, the medium was changed to
serum-free conditions with and without various concentrations of growth
factors as indicated and 16 h later exposed to [*H]thymidine (673 GBq/
mmol; 2 nCi/mL medium; Hartmann Analytic GmbH, Braunschweig).
[*H]thymidine incorporation was measured after a labelling period of 3 h,
by trichloroacetic acid precipitation of cells as described [15]. As positive
control served Hepatozyme-SFM. LSEC were stimulated in endothelial
basal medium containing heparin and growth factors, 16 h later exposed
to [*H]thymidine for a labelling period of 6 h. As negative control served
basal medium (BM) with heparin and as positive control served endo-
thelial growth medium. Endothelial cell growth medium (ECGM) and
endothelial cell basal medium (BM) were purchased from Promocell
(Heidelberg, Germany). The mean (£SD) activity was determined from at
least three independent experiments. Recombinant FGFs were obtained
from PeproTech (London, UK).

Wound assay. Confluent HUVE cells grown in collagen-coated six-well
plates were cultured in serum-reduced medium (1% ECGM in basal
medium, 5 pg/ml heparin) for 2 days. The monolayers were mechanically
wounded to obtain a denuded area of 2 x 10 mm. One side was scraped in
a way to result in a cell barrier therefore, allowing cells only to migrate
into the wounded area from one side. Wounded cells were incubated with
or without FGFs in control medium (1% ECM in basal medium) for at
least 24 h, fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) and stained with crystal-violet.

Generation of endothelial cell spheroids. Endothelial cell spheroids were
generated as previously described [16]. Briefly, HUVE cells were sus-
pended in culture medium containing 0.25% carboxymethylcellulose and
seeded in non-adherent round-bottomed 96-well plates (Greiner, Fric-
kenhausen, Germany). The suspended cells integrate into a single spheroid
of defined size and cell number. After 24 h of cultivation at 37 °C (5%
CO,, 100% humidity), the spheroids were used for the experiments or for
RNA extraction.

In vitro angiogenesis assay. In vitro angiogenesis assay was performed
as described previously [17]. Spheroids generated of 750 HUVE cells were
embedded in collagen gels. For that purpose collected spheroids were
suspended in ECGM basal medium (PromoCell, Heidelberg, Germany)
containing 40% FCS and 0.5% (w/v) carboxymethylcellulose, and mixed
with an equal portion of cold (at 4 °C) rat tail collagen solution (2 mg/ml,
BD Biosciences, Bedford, MA) containing 10% medium 199 (10-fold,
Sigma, Deisenhofen, Germany) and 0.1 N NaOH (to adjust the pH to 7.4).
The 50 spheroids containing gel was transferred in a prewarmed 24-well
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plate and allowed to polymerize at 37 °C. One hundred microliters basal
medium containing test substances were pipetted on the polymerized gel
which was further incubated at 37 °C in 5% CO, and at 100% humidity.
Quantification was performed by digital imaging and calculating cumu-
lative length of the three longest sprouts of each spheroid, analysing at
least 10 spheroids per group and experiment.

Immunoblot analysis. The procedures used for preparing cell lysates
have been described in detail elsewhere [18]. Samples from equivalent
numbers of cells were fractionated by SDS-PAGE in 12.5% gels,
transferred to nitrocellulose membranes (Schleicher and Schuell), and
then probed with the indicated antibodies followed by horseradish
peroxidase-linked secondary antibodies (Amersham—Pharmacia Biotech).
Immunocomplexes were detected by enhanced chemiluminescence
(Amersham—Pharmacia Biotech).

RNA isolation and RT-PCR. Total RNA from HUASMC, hepato-
cytes, and HUVE and liver sinusoidal cells were extracted by using the
RNeasy Mini Kit (QIAgen, Hilden, Germany) according to the manu-
facturer‘s instructions. Purified RNA samples were diluted at 1 mg/ml for
RT-PCR or stored at —80 °C until further use. Total RNA was reverse
transcribed with Omniscript Reverse Transcriptase Kit (QIAgen, Hilden,
Germany) using oligo(dT) as a primer. cDNAs [(reverse transcribed from
primary cells and cDNAs from human cardiovascular tissues (MTC panel)
purchased from Clontech (Mountain View, CA)] were amplified using the
Tag DNA Polymerase Kit from QIAgen. PCR primers were obtained
from Invitrogen (Heidelberg, Germany), primer sequences are available
upon request. PCR products were DNA sequenced using the Big Dye
Terminator vl.1 Cycle Sequencing Kit and an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, Weiterstadt, Germany). PCRs were sepa-
rated on agarose gels and scanned on a Kodak Image Station 440 CF
(Perkin-Elmer).

Northern hybridization. Total RNA isolated from monolayer HUVEC
and HUASMC cultures was separated using 1% formaldehyde agarose
gels and blotted onto nylon membrane (Hybond N+, Amersham—Phar-
macia Biotech, Buckinghamshire, England). cDNA probes for hybrid-
ization were prepared by labelling a 472 bp DNA sequence confirmed
PCR product of human fgfl18 ¢cDNA with [*>PJdCTP using a Random
Primers Labeling System (Invitrogen, Germany).

Immunocytochemical analysis. Rat liver sections and sections from rat
liver slice cultures from 350 g male Wistar rats were fixed and processed
for paraffin embedding [19]. Paraffin sections were stained for FGF18
using a polyclonal goat antibody and the avidin—biotin complex method.
Secondary antibodies were biotinylated anti-goat IgG (Vector Laborato-
ries Burlingame, CA), exposed to Streptavidin peroxidase, developed with
diaminobenzidine, and counterstained with hematoxylin.

Endothelial cell transmigration activity. Endothelial cell transmigration
was performed using Transwell membrane filters (Corning Costar) con-
taining a polycarbonate filter with 8 pum pores. The filter was coated with
10 mg/L fibronectin at 4 °C overnight. Endothelial basal medium (EBM)
containing 0.2% FCS with or without the indicated concentration of FGFs
was added to the wells of the lower chamber. Then 100 ul of HUVEC
(3 x 10° cells/mL) resuspended in EBM containing 0.2% FCS was added
to each well of the upper chamber. After a 4 h incubation in 5% CO, at
37 °C, non-migrating cells were scraped from the upper surface of the
filter. Migrating cells on the lower surface were washed, fixed with
methanol and stained with Giemsa solution. The number of HUVEC on
the lower, surface of the filter was determined by counting three micro-
scopic fields per well. The number of cells counted on the untreated
control filters was set to 100%.

Results

FGF16 and FGFI8 and FGF receptors expressed in human
cardiovascular system

Recently, we reported a full panel RT-PCR expression
profiling of all known FGFs in primary endothelial cells

(HUVEC) and smooth muscle cells (HUASMC). The
expression of Fgf2, Fgf7, Fgf16, and Fgf18 genes was detect-
able in the endothelial and smooth muscle cells as well as in
aortic tissue. We extended the expression analysis of Fgf16
and Fgfl8 onto a panel of human cardiovascular tissues.
While Fgf18 specific transcripts were revealed in all analysed
cDNAs of the cardiovascular multi-tissue panel, Fgfl6
mRNA expression showed an asymmetric distribution with
a pronounced restriction to the left heart including left atri-
um, auricle sinistra, left ventricle and aorta and the adjacent
interventricular septum and atrioventricular node (Fig. 1A).
FGF16 and FGF18 mediate their effects on cells by binding
to three FGF receptors FGFR2¢, FGFR3c, and FGFR4. As
before reported for HUVEC and HUASMC FGFR4 specif-
ic transcript could not be detected in any of the analysed
cDNAs. Weak expression was found for the FGFR3c in
most cDNAs prepared from the cardiovascular tissue except
in aortic tissue and in the cDNA derived from the total adult
heart expression was under detection limit. FGFR2¢c demon-
strated a more differential expression pattern while FGFR 1¢
was strongly expressed in all cDNAs with exception of adult
heart (Table 1). In addition, the novel transmembrane FGF
receptor (FGFR5/FGFRLI1) without a kinase domain is
found highly expressed in all cardiovascular tissues derived
cDNAs (Fig. 1A). FGF18 appears to be constantly
expressed in most if not all cardiovascular cells. To exclude
that HUVEC and HUASMC may express different variant
RNAs, the transcripts encoding the FGF18 were further
examined by Northern blotting. Total RNA prepared from
HUVE and HUASM cells was blotted and hybridized
against a **P-labelled human FGF18 471 bp PCR fragment
prior confirmed by DNA sequencing. Northern blotting
revealed a single transcript of approximately 2.7 kb in both
RNA probes (Fig. 1B).

Lack of wound-induced proliferation in EC treated with
FGFI16 or FGFI8

Exogenous FGF2 induces a variety of endothelial cell
responses including cell migration, proliferation, migration
in mechanical wounding of monolayer cultures of EC, and
sprouting and tube formation in angiogenesis assays. To
study the biological activity of FGF16 and FGF18, we per-
formed different biological assays to compare their activity
with the effect of FGF2. Monolayers of confluent EC were
mechanically wounded in three areas sized approximately
2x 10 mm. rFGF1, rFGF2, conditioned medium from
FGF4 transfected COS-1 cells, rFGF16, rFGF18 or con-
trol medium without growth factors were added immedi-
ately after the wounding. Cell migration was measured by
staining the cultures with crystal violet. In serum-reduced
medium few cells migrated into the denuded area, while
in FGF2 treated cultures the total area was filled and
wound healing was nearly completed (Fig. 2). This
appeared to be a combined effect of migration and prolifer-
ation. Gradually fewer cells were present in the wound area
when EC were treated with FGF1 or FGF4. Although
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Fig. 1. (A) RT-PCR analysis of the expression of Fgf16, Fgfl8, and fgfr5 in a human cardiovascular cDNA panel of 12 different cardiovascular tissues.
The specific PCR amplification products and their expected sizes are indicated. Amplification of GAPDH transcripts in the cDNA templates was used as
internal control. (B) Expression of Fgfl8 transcripts in HUVEC and HUASMC. Northern blot containing 10 pg of total RNA was hybridized with a
32p-labelled human cDNA probe. The size of the single transcript is indicated and ethidium bromide stained total RNA was used as loading control.

Table 1
Summary of the RNA expression of FGF16, FGF18, and FGF receptors in cardiovascular tissues

FGF16 FGF18 FGFRI1c FGFR2c FGFR3c
Adult heart 0 + 0 0 0
Fetal heart 0 +++ ++ + )
Aorta ++ + ++ ++ 0
Apex 0 -+ ++ 0 )
Atrium, left +++ + +++ + +
Atrium, right 0 + ++ + (+)
Autricle, dextra 0 + ++ 4 +
Autricle, sinistra + + ++ + (+)
Ventricle, left + +++ 4+ ++ +
Ventricle, right 0 +++ ++ 0 +)
Interventr. Septum + +++ +++ 0 (+)
Atrioventr. Node + + ++ ++ )

FGF16 and FGF18 appear to have a significantly lower
effect on the wound healing as compared with FGF2, in
presence of both FGF16 and FGF18 more than twice as
many cells migrated into the denuded area compared to
the control without FGFs. These data suggest that
FGF16 and FGF18 might have an effect on cell migration
but not on cell proliferation.

FGF2 but neither FGF16 nor FGFI8 stimulates outgrowth of
capillary sprouts in an endothelial cell spheroid based
angiogenesis assay

During angiogenesis, EC are induced to migrate,
proliferate and to invade the surrounding tissue to form

three-dimensional tube structures. When EC spheroids of
a defined cell number were seeded into collagen, they
formed  capillary-like  three-dimensional  structures
(Fig. 3). Even in presence of 20% FCS HUVEC had a
low baseline sprouting activity without exogenous added
FGFs. This finding may reflect the effects of antagonists
of FGF signalling counteracting the endogenous FGFs
activities [16]. Quantitative assessment of the in vitro angi-
ogenesis assay was achieved by estimating the size of the
capillary sprouts from the digital microscope images.
FGF2 clearly stimulated the outgrowth of capillary-like
sprouts in the assay. Although, FGF1 and conditioned
medium from FGF4-expressing COS-1 cells stimulated
sprouting, it was still to a much lower extent as compared
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Fig. 2. Wound-induced HUVEC migration and proliferation in presence
or absence of FGFs. ECs were wounded, incubated with FGFs (25 ng/ml),
fixed, and stained as described in Materials and methods. A representative
experiment after 6 days is shown. This experiment was repeated with
similar results.

with FGF2 and VEGF as positive control. FGF16 and
FGF18 did not show a significant stimulation in this in vi-
tro angiogenesis assay (Fig. 3).

FGFI16 and FGFI8 failed to induce cell proliferation in
HUVEC, but induce a strong chemotaxic response

To evaluate their ability to induce cell proliferation,
serum-starved HUVEC were stimulated with FGFs and
pulse-labelled with BrdU, BrdU incorporation was then
detected by wusing a specific monoclonal antibody
(Fig. 4A). The results show that BrdU incorporation in
cells treated with FGF2 was three times higher compared
to the control cells without FGFs and compared to
FGF16 and FGF18 stimulated cells. Repeating the assay
with higher concentrations of FGF16 or FGF18 did not
reveal a stimulation effect on cell proliferation. Thus, it
appears that neither FGF16 nor FGF18 is able to induce
the entry of HUVEC into S phase of the cell division cycle.
The results from both complex biological assays suggest
that FGF16 and FGF18 might be capable to induce migra-
tion but not the whole process of sprouting in an in vitro
angiogenesis assay. Therefore, we next assessed their ability
to induce a chemotaxic response of EC. HUVEC were plat-
ed on the upper fibronectin-coated Transwell membrane
filters and the inserts were placed into wells pre-filled with
EBM containing 0.2% FCS with or without FGFs. As
shown in Fig. 4B, FGF2 markedly stimulated chemotaxis
of HUVEC. Importantly, FGF16 and FGF18 too demon-
strated in this migration assay a pronounced effect that was
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Fig. 3. Quantitative in vitro angiogenesis assay based on collagen embedded EC spheroids. (A) Spheroids of HUVEC were embedded into collagen and
the capillary sprouting was quantified by digital imaging. (B) Representatives demonstrate the sprouting activity of different FGFs (rFGF1, rFGF2,
rFGF16, and rFGF18, 25 ng/ml) and VEGF (50 ng/ml). FGF16 and FGF18 exert no sprouting activity in the spheroid angiogenesis assay. Conditioned
medium from XFGF3, FGF4, and FGFS5 expressing transfected COS-1 cells was used for these experiments.
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Fig. 4. FGF16 and FGF18 induce chemotaxis but not proliferation of HUVE cells. (A) Comparison of the mitogenic activity of different FGFs on
HUVEC. To monitor DNA synthesis, serum-starved HUVEC were stimulated with the indicated FGFs and assessed for their ability to incorporate BrdU.
BrdU incorporation was measured immunocytochemically. Values are means & SD of three independent experiments. (B) HUVEC were plated on the
fibronectin-coated upper well membranes of Transwell plate inserts in EBM containing 0.2% FCS. The inserts were placed in wells prefilled with EBM
supplemented with 0.2% FCS and with (25 ng/ml) or without FGFs. After incubation at 37 °C for 4 h, cells were fixed and stained as described in
Materials and methods. The cells present on the upper well membranes were removed and the cells migrated onto the lower surface membranes counted.
Data are shown as means +SD for triplicate wells. Similar results were obtained in three independent experiments.

as strong as with FGF2. Taken together, the results dem-
onstrate that both FGF16 and FGF18 are able to stimulate
cell migration of HUVEC but without cell proliferation,
suggesting that endogenous expressed FGFs induce dis-
tinct cellular responses.

FGF18 is expressed in rat liver sinusoidal endothelial cells
and induces cell proliferation in primary rat hepatocytes

Since in an earlier publication the liver specific expres-
sion of FGF18 was reported and since we could detect
FGF18 expression in all analysed endothelial tissues, we
isolated sinusoidal endothelial cells from rat livers and test-
ed them for FGF18 transcripts by RT-PCR analysis. RT-
PCR analysed with rat fgf18 specific primers revealed an
amplification product of expected size. The same RT-
PCR analysis did not obtain a detectable product when
cDNAs derived from rat hepatocytes were used
(Fig. 5A). However, Fgf18 transcripts were detectable in
all analysed liver cancer cell lines (Fig. 5A). Immunostain-
ing for FGF18 in rat liver tissue exhibited an expected
strong expression of FGF18 in the large vascular endothe-
lial cells and the adjacent smooth muscle cells. In addition,
FGF18 immunoreactivity was detected in cells of the sinu-
soidal compartment. The staining was partly localized into

the cytoplasm partly into the nucleus. In liver slices cul-
tured for two days the sinusoidal compartment is more
pronounced and immunohistochemistry revealed a clear
FGF18 staining in cells lining the liver sinus, very likely
representing sinusoidal endothelial cells (Fig. 5B). Since
FGF18 stimulation failed to induce cell proliferation in
vascular endothelial cells, we tested if FGF18 is able to
induce cell proliferation of liver sinusoidal endothelial cells.
As shown in Fig. 5C FGF18 is not able to stimulate DNA
synthesis of LSEC, but FGF18 induced [*H]thymidine
incorporation of rat primary hepatocytes with a similar
high activity as hepatocyte complete medium (HSFM) or
FGF1 which is able to activate all known FGF receptors
(Fig. 5C).

FGF2 induces a sustained activation of MAPK, while FGF18
stimulates a transient and short MAPK activation in
HUVEC

It is well known that extracellular-regulated kinases
(ERKs, p44/p42 MAPKs) are key effectors in the transduc-
tion of FGF-mediated effects including cell migration and
cell proliferation. HUVEC were grown to confluence and
incubated in the presence or absence of 25 ng/ml FGF2,
FGF1, FGF16 or FGFI18 for 30min. The state of
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(B,C) and from two-day-old liver slice cultures (D) was processed for immunohistochemistry with a goat polyclonal antibody against FGF18. Negative
control (E). (F) To examine DNA synthesis, serum-starved primary liver cell cultures were stimulated with the indicated recombinant FGFs (50 ng/ml).
BM, basal medium; HSFM, hepatocyte-serum-free medium; and ECGM, endothelial cell growth medium. Values are means + SD of three independent

experiments.

phosphorylation of ERK1/2 was investigated by Western
blotting using an antibody that specifically recognizes
phosphorylated ERK1 and ERK2. In cell extracts pre-
pared from cells without FGF2 treatment the amount of
active ERK1/2 was low, a marked activation was detected
in FGF2, FGF1, and serum stimulated cells. FGF18 acti-
vated the MAP kinase just above the base-line state, while
FGF16 stimulation did not result in a detectable change of
the phosphorylation state of p44/p42 MAP kinases
(Fig. 6A). Since there is convincing evidence that sustained
or transient activity of MAPK depending on stimulation
with EGF or FGF directs the cellular response of neuronal
cells either to proliferation or differentiation, we deter-
mined the kinetic of ERK1/2 MAPK activation after stim-
ulation with FGF2 and FGF18, respectively [20,21]. In
FGF2-stimulated HUVEC, the activation kinetic of
ERK1/2 was sustained for 2 h after stimulation with a
maximal activation already after 5 min. On the contrary,
FGF18 stimulated a transient activation of ERK1/2 at
5 min, which is already declined to base-line levels after
15 min. In addition, we determined the phosphorylation
status of the c-Jun N-terminal kinases (JNKs) in FGF18

and FGF2 stimulated HUVEC extracts, respectively.
FGF2 but not FGF18 led to a strong but transient activa-
tion of a p54 kDa JNK2/3 corresponding band and a
smaller amount of activated p46 kDa JNKI1. JNKI1 and
JNK2 have regulatory effects on cell proliferation.

Akt, also known as protein kinase B is considered as a
major downstream signalling substrate of the phosphati-
dylinositol-3-kinase (PI3K) and might play a role in
FGF2-stimulated angiogenic response, since expression of
kinase inactive c-Akt in EC inhibits FGF2-promoted cap-
illary morphogenesis of IBE [22]. In our experiments, none
of the FGFs was able to change Akt phosphorylation
above the control levels in HUVEC, suggesting that
FGF-mediated effects on HUVEC are not accompanied
by an over-phosphorylation of Akt (Fig. 6B). Since
FGF18 is mitogenic on hepatocytes, we analysed the acti-
vation kinetic of MAP kinase p44/p42 in FGF2 and
FGI18 stimulated hepatocytes. Both FGFs induced a sus-
tained (over two hours) phosphorylation of ERK1/2 in
hepatocytes, whereas FGF2 demonstrated slightly higher
earlier phosphorylation levels of the MAP kinases than
FGF18 (Fig. 6C). These data suggest that sustained
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Fig. 6. Kinetic analysis of ERK1/2 activation by FGFs in HUVEC. Cell
lysates were generated from FGF-stimulated HUVEC (A,B) or from
FGF-stimulated primary rat hepatocytes treated for the indicated time
periods (C). (A) Western blot analysis of extracts from untreated (control)
HUVE cells or cells stimulated with the indicated rFGFs (25 ng/ml). The
cells were harvested 30 min after addition of FGFs, subjected to SDS—
PAGE, and examined for active ERK by immunoblotting using anti
phospho-p44/42 MAP kinase antibodies. The membranes were stripped
and reprobed with control p44/42 MAP kinase antibodies to control equal
loading and protein transfer. (B) JNK, AKT, and MAPK ERKI/2
activation kinetics stimulated by FGF2 and FGFI18 in HUVEC were
evaluated by Western blot analysis using anti-phospho-JNK, -Akt, and -
p44/p42 specific antibodies. Protein loading was examined using anti- p44/
42 MAP kinase antibodies. Representative data from three independent
experiments are shown. (C) FGF18 induces a sustained MAPK activation
in hepatocytes. Corresponding MAPK activation in hepatocytes induced
by FGF2 and FGF18 was evaluated by probing Western blot of
hepatocyte lysates with anti phospho-p44/42 MAP kinase antibodies
and reprobed the blots with anti-B-actin antibodies to control equal
loading and protein transfer.

phosphorylation of ERK1/2 in HUVEC and hepatocytes
induced by FGFs is associated with cell proliferation while
a short transient activation of MAPK p44/42 by FGF18 is
sufficient to induce on HUVEC migration but not
proliferation.

Discussion

FGFs and their receptors have been implicated in blood
vessel growth and tissue plasticity in different physiological
and pathological conditions. FGFs may exert their effects
on endothelial cells via an autocrine mode when secreted

endothelial FGFs bind directly to cell surface receptors
or when FGFs released by EC are again mobilized from
the extracellular matrix. However, FGFs secreted by endo-
thelial cells may also play an important role in a paracrine
mode on adjacent cells, e.g., tumor cells. In addition to
tumor growth, FGFs produced and released by endothelial
cells might have an impact on tissue repair or on organo-
genesis during development. Therefore, EC which stay in
a closed association with a developing organ may be an
important source of growth factors to drive its growth
and differentiation [23].

In a recent study, we found that HUVEC expressed a
whole panel of FGFs capable to interact with all known
FGF receptors and reported the expression of FGF16
and FGF18 in endothelial cells [1]. It had been shown that
the ability of endothelial cells to respond to mechanical
damage is correlated with the level of endogenous FGF2
as well as with that of exogenous FGF2 [24]. Although
our results showed that addition of FGF16 and FGFI18
in a wound assay appeared to affect the number of cells
which have been mobilized and migrated into the wounded
area, FGF16 and FGF18 do not seem to influence the pro-
liferation of these cells. Consistent with this finding is that
FGF16 and FGF18 effectively induced chemotaxis of
HUVEC, while they failed to stimulate cell proliferation
in a BrdU incorporation experiment. We used an EC
spheroid-based three-dimensional in vitro angiogenesis
assay which has some advantages over other assays using
EC aggregates: EC spheroids contain a defined number
of cells which allows standardized assay conditions and
since a large number of endothelial cells can be applied,
the assay is less dependent on the proliferation rate of the
tested cells. In addition, the cell aggregates are focalized
and embedded into a three-dimensional matrix, which
allows testing EC invasion into the matrix under quasi in
vivo conditions [17]. Sprouting in these assays relies on
EC functions very much similar to those important in the
in vivo situation; first mobilization of EC out of the quies-
cent cell layer, followed by cell migration and cell prolifer-
ation. FGF2 very efficiently induced capillary sprouting,
while FGF1 and FGF4 were clearly less effective. When
we tested conditioned medium from Xenopus FGF3
(XFGF3) transfected COS-1 cells in the angiogenesis
assays, XFGF3 failed to induce the sprouting process
(Fig. 3A). We employed XFGF3, since XFGF3 binds with
the same high affinity to both mammalian FGFR2 iso-
forms IIIb and Illc, but interacts with low affinity with
FGFRI1IIIc. In addition, a very weak affinity could be
demonstrated for the FGFR3IIIc isoform [25]. Since
mouse FGF4 is apparently less efficient than FGF2 in the
sprouting assay and binds to FGFR11lIc with 10-fold low-
er affinity than to FGFR2IIIc but with high affinity to
FGFR3Illc, our results with the two FGFs suggest that
activation of FGFRI1 is the key event to induce sprouting
and proliferation in HUVEC [26]. FGF16 shares the high-
est sequence homology with FGF9 and might have a sim-
ilar binding affinity to the FGF receptors as shown for
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FGF9 which binds and activates FGFR4 as well as the I1lc
isoforms of FGFR2 and of FGFR3. A similar receptor
binding specificity was recently reported for FGF18 [27].

FGF receptor activation leads to recruitment of different
intracellular binding partners to activate several important
signal pathways such as the MAP kinases and the PI3
kinase (PI3K) signal cascades. Recently, it has been shown
that the p38 MAP kinase is also an essential regulator of
FGF2-mediated angiogenesis. In a three-dimensional colla-
gen culture system, FGF2 induced activation of p38 kinase.
Inhibiting phosphorylation of p38 enhanced the effects of
FGF2 on tubular morphogenesis, cell proliferation, and
cell differentiation, whereas p38 may serve as a negative
feedback mechanism to limit the effect of FGF2 on vessel
formation [28]. In agreement with reported results from
different groups, we found that FGF1 and FGF2 activate
the p38 MAP kinase. However, both FGF16 and FGF18
did not significantly change the phosphorylation of p38
(data not shown). Both secreted FGFs also failed to
enhance the phosphorylation of JNKs in endothelial cells,
while FGF2 does. Activation of Akt by PI3K may be
another signal pathway involved in FGF2-mediated stimu-
lation of proliferation of endothelial cells. At least for pro-
liferation of choriocapillary endothelial cells, it had been
shown that activation of Akt appears not to be necessary
[29]. Interesting enough, none of the FGFs tested were able
to stimulate phosphorylation of Akt above the control
levels.

Several studies documented that FGF2 induced a rapid
and robust phosphorylation of ERK1/2 MAP kinases and,
that activation of the Raf/MEK/ERK signal cascade medi-
ates cell proliferation and migration in endothelial cells.
Endothelial cells transfected with the FGFR2IIIb isoform
demonstrated FGF7-mediated chemotaxis but not prolifer-
ation. The cells stimulated with FGF7 clearly showed a
weaker MAP kinase activation than cells stimulated with
FGF2, suggesting that signalling via FGFR2 induces cell
migration in EC, but leads to an activation of the ERK1/
2 pathway that is not sufficient to promote cell prolifera-
tion [30]. Consistent with this conclusion are results
obtained with chimeric receptor constructs composed of
the cytoplasmic domains of FGFR1, FGFR3, and FGFR4
linked to the extracellular ligand binding domains of the
PDGF-receptor demonstrating that all FGFRs essentially
activate same signal pathways but with different intensity
which leads in turn to different activation levels of the
downstream localized protein kinases.

FGF16 and FGF18 which failed to stimulate cell prolif-
eration and sprouting of EC in the in vitro angiogenesis
assay, in contrast to the mitogenic FGF2 both secreted
FGFs do not induce a sustained activation of ERK1/2
MAP kinase suggesting that the longevity of phosphoryla-
tion of ERK1/2 may be a prerequisite for cell proliferation
of HUVEC. However, the short and transient phosphory-
lation of ERK1/2 observed with FGF16 and FGF18 seems
not sufficient to induce cell proliferation but cell migration
on HUVEC. In a recently reported model analysing the

difference between EGF and FGF signal pathways, the sus-
tained MAPK activation is correlated to the number of
Grb2-Sos complexes recruited to the plasma membrane
by FRS2 and EGF stimulation induced a sustained MAPK
phosphorylation in cells overexpressing the EGF receptor
[21]. The main FGF receptor expressed by hepatocytes is
the FGFR4, which is lacking HUVEC and binds to
FGF18 and FGF16 [31,32]. Therefore, it seems reasonable
to suggest that the mitogenic response of hepatocytes is at
least partly due to the FGF18 activation of FGFR4. Taken
together, our data support the conclusion that certain
members of the FGF family appear to induce a different
time course of MAPK activation by signalling via different
FGF receptors. The different time frame in which MAPK
activation occurred has been considered to be the main
cause of diverse cellular responses stimulated by the differ-
ent FGFs very similar as reported for different growth fac-
tors including FGFs and EGF [21,32].
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