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Basic fibroblast growth factor (bFGF) is a potent angiogenic molecule, but its therapeutic use is limited by mitogenic
effects on multiple cell types. To specifically activate FGF signaling in endothelial cells, a chimeric FGF receptor was
generated that contained a modified FK506 drug-binding domain (F36V) fused to the FGF receptor-1 (FGFR1) cytoplasmic
domain. Human umbilical vein endothelial cells (HUVECs) and human microvascular endothelial cells were retrovirally
transduced with this chimeric receptor, and the effects of administering synthetic receptor-dimerizing ligands were
studied. As expected, both control and transduced cells proliferated in response to bFGF treatment; however, only
transduced endothelial cells exhibited dose-dependent proliferative responses to dimerizer treatment. Dimerizer-induced
proliferation was MEK-dependent and was accompanied by MAP kinase phosphorylation, indicating that the chimeric
receptor utilizes signaling pathways similar to endogenous FGFR1. Although bFGF stimulated wound re-epithelialization
in HUVECs (which natively express FGFR1 and FGFR4), chemical dimerization of FGFR1 did not; this suggests FGFR4 may
control migration in these cells. The ability to selectively activate receptor subtypes should facilitate the study of signaling
pathways in vitro and in vivo beyond what can be accomplished with nonselective natural ligands, and it may eventually
permit stimulation of graft cell angiogenesis without driving overgrowth of host cells.
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Revascularization therapy has the potential to prevent long-
term deterioration of tissues damaged by ischemia.1 Exo-
genously introduced endothelial cells could provide a source
of vascular tissue for such therapies.2–5 For example, en-
dothelial progenitor cells have been shown to augment the
vascular bed of ischemic myocardium by homing, in-
corporating into the host vasculature, and minimizing scar
formation in the damaged myocardium.6–9 However, the
ability to induce proliferation of these endothelial cells once
they have reached the site of injury could provide an addi-
tional level of control to optimize their therapeutic effects.

A number of growth factors are known to positively in-
fluence endothelial cell proliferation and migration. Acidic
fibroblast growth factor (aFGF; FGF-1), basic FGF (bFGF;
FGF-2), and the vascular endothelial growth factor family are
major angiogenic growth factors,10,11 and have all been de-
monstrated to increase angiogenesis in vivo.12,13 However,
therapeutic growth factor administration has significant
drawbacks. Many different cell types express receptors for
these growth factors, and thus limit the ability to specifically

target a certain tissue or cell graft. Furthermore, growth
factors are difficult and expensive to produce and the delivery
of precise quantities to target sites can be challenging to
achieve in vivo.

An alternate approach is to specifically activate growth
factor receptors in genetically modified cells. In a system that
has been described for a number of different cell/receptor
combinations, the cytoplasmic signaling domain of the
growth factor receptor of interest is fused to a modified drug-
binding domain.14–21 Cells expressing this chimeric receptor
are then exposed to a small synthetic bifunctional ligand
(dimerizer), which binds to the drug-binding domains of two
receptor molecules. The growth factor signaling domains are
thus brought into close proximity, mimicking the effect of
endogenous receptor activation. This system offers the ad-
vantage of specifically targeting only the genetically modified
cell type of interest, while leaving other cells and tissues
unaffected when administered in vitro and in vivo.22 For
example, dimerization of a chimeric thrombopoietin receptor
selectively induced bone marrow cell proliferation in mice23
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and dogs.24 Dimerization of FGF receptor-1 (FGFR1) in
skeletal myoblasts induced their proliferation and prevented
differentiation similar to bFGF.16,19 Cell proliferation via
chemically induced FGF receptor dimerization has also been
shown in mammary ductal epithelial cells25 and prostate
cancer cells.26

In the present study, we describe a method to selectively
induce FGFR1 signaling in human endothelial cells. We ex-
plore the signaling pathways induced and the effects on cell
proliferation and migration.

MATERIALS AND METHODS
Materials
Recombinant human bFGF was kindly donated by Scios Inc.
(Sunnyvale, CA, USA). AP20187 and AP23510 (dimerizers)
were provided by ARIAD Pharmaceuticals (http://www.
ariad.com/regulationkits; Cambridge, MA, USA). ARIAD
prefers AP23510, which is a variant of AP20187, because it is
easier to synthesize. The two molecules have identical do-
mains for binding two copies of FK506 drug-binding domain
(F36V); the only difference is that AP23510 lacks a
CH2N(CH3)2 group at the center linker region of the mole-
cule (Figure 1). The binding affinities of AP20187 and
AP23510 for the F36V domain are identical to both each
other and to the related dimerizer AP190327 (Tim Clackson,
ARIAD Pharmaceuticals, personal communication). Dimer-
izer stocks (3.5mM) were maintained in 100% ethanol,
stored at �201C and diluted in cell-specific basal medium
(10 mM) for use in cell culture studies. U0126 (Promega,
Madison, WI, USA), a MEK inhibitor, was reconstituted in
DMSO and used at a final concentration of 15 mM.

Human Umbilical Vein Endothelial Cell Culture
Human umbilical vein endothelial cells (HUVECs) were
purchased from Cambrex (East Rutherford, NJ, USA) and
cultured in endothelial growth medium, which consists of
endothelial basal medium (hereafter, basal medium), sup-
plemented with hEGF, hydrocortisone, 0.4% bovine brain
extract, 2% fetal bovine serum (FBS), gentamicin, and am-
photericin (hereafter, growth medium) according to the
manufacturer’s instructions. When cells reached 90% con-
fluence, they were passaged and plated at 2500 cells/cm2 in
0.67% gelatin-coated tissue culture vessels. Cells were used
between passages 5 and 9.

Human Microvascular Endothelial Cell Culture
Human microvascular endothelial cells (HMVECs) were
purchased from Cascade Biologics and cultured in Medium
131 (hereafter, basal medium) with the microvascular growth
supplement (Cascade Biologics, Portland, OR, USA), sup-
plemented with 100U/ml penicillin G sodium, 100 mg/ml
streptomycin sulphate, and 0.25 mg/ml amphotericin B
(Gibco, Carlsbad, CA, USA) (hereafter, growth medium).
Cells were passaged when they reached 90% confluence
and replated at 5000 cells per square centimeter of surface
area. Culture vessels were coated with 0.1% gelatin (Attach-
ment Factor, Cascade Biologics) for 30min at 371C
immediately prior to cell seeding. Cells were used between
passages 4 and 10.

Construct Compositions
The F36Vfgfr-1 construct consists of a myristylation site, the
modified FKBP domain F36V, the rat FGFR1 cytoplasmic
domain and a hemagglutinin epitope (HA) tag.16 Transgene
expression is driven by the murine stem cell virus long
terminal repeat. The bicistronic gene product encodes for
enhanced green fluorescent protein (EGFP), an in-
traribosomal entry sequence, and the chimeric receptor. A
vector encoding a myristylated, HA-tagged F36V domain
lacking the FGFR1 cytoplasmic domain but otherwise iden-
tical to the F36Vfgfr-1 vector, served as a negative control
where stated.

Retrovirus Production
PA317 amphotropic retroviral packaging cells were stably
transduced as described previously16 with either the
F36Vfgfr-1 or F36V constructs. PA317s expressing either
the F36Vfgfr-1 or F36V construct were purified on a
FACStar cell sorter (BD Biosciences, San Jose, CA) based
on EGFP expression. Cells were grown in DMEM supple-
mented with 10% FBS, 2mM L-glutamine, 100 units/ml
penicillin G sodium, 100 mg/ml streptomycin sulfate, and
0.25 mg/ml amphotericin B (Gibco). Retroviral supernatant
was collected after 48 h, centrifuged at 1500 r.p.m. to
remove any contaminating cells, and stored at �801C until
further use.

Figure 1 Chemical structures of dimerizers, AP20187 and AP23510 (ARIAD

Pharmaceuticals). The two compounds have identical domains for binding

two copies of F36V and differ only in their central linker region.
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Retroviral Transduction
HUVECs were transduced by incubation with either PA317
F36Vfgfr-1 or PA317 F36V retroviral supernatants, supple-
mented with an additional 10% FBS and 8 mg/ml polybrene
(Sigma). Plates were centrifuged for 30min at 2500 r.p.m.
(1180 g). The supernatant was then removed and cells were
allowed to recover in their normal growth medium. This
transduction process was repeated the next day. Two days
later the cells were sorted for EGFP expression on a FACStar
cell sorter. EGFPþ cells were collected under sterile condi-
tions and replated into fresh growth medium.

HMVECs were transduced by incubation with PA317
F36Vfgfr-1 retroviral supernatant supplemented with an ad-
ditional 10% FBS, and 10 mg/ml lipofectamine (Invitrogen,
Carlsbad, CA, USA). After an overnight incubation, cells were
rinsed with Versene (0.5mM EDTA and 1.1mM dextrose in
calcium-free PBS) and then returned to their normal growth
medium. Two days later, the transduction process was re-
peated. Cells were allowed to recover for 2 additional days
and then sorted by FACS as described above.

Proliferation Assays
Endothelial cell proliferation was measured using Alamar
Blue (Biosource International, Camarillo, CA, USA), a so-
luble oxidation/reduction indicator.28 After 4 h of incubation
in a 10% v/v solution, the spectral properties of the sample
were measured either by visible light (absorbance measured
at 570 and 600 nm) or fluorescence (excitation at 395 nm,
absorbance at 540 nm). These absorbance values were then
used to calculate percent reduction, which is proportional to
viable cell number. Relative cell number was calculated by
normalizing the values for all groups tested to the negative
control/no additive group.

F36V negative control and F36Vfgfr-1 HUVECs were
plated at 5� 103 cells/well of a gelatin-coated 24-well plate.
Cells were grown in basal mediumþ 1% FBS with the ad-
dition of various treatments (10 ng/ml bFGF, 10 nM
AP23510, 100 nM AP23510, 1mM AP23510), with one media
change on the second day. The wells were then assayed for cell
number after 3 days.

Wild-type and F36Vfgfr-1 HMVECs were plated at
104 cells/well of a gelatin-coated 24-well plate. Cells were
grown in basal medium containing 1% FBS with additional
additives (1 ng/ml bFGF, 10 nM AP20187, 100 nM AP20187,
1 mM AP20187, growth medium), given one media change
after 2 days, and then assayed for cell number after 3 days. To
study the effect of inhibiting MEK in HMVEC proliferation,
cells were plated in growth medium at 104 cells/well and
serum starved in basal mediumþ 0.1% bovine serum albu-
min (BSA, MP Biomedicals, Irvine, CA, USA) overnight.
The following day, the serum-free medium was removed
and cells were incubated with 15 mM U0126 or an equal
volume of DMSO (control). After 15min, dimerizer was
added to the treated wells. Relative cell number was
determined 48 h later.

To compare the proliferative effects of the two different
dimerizers, F36Vfgfr-1 HUVECs and HMVECs and their
negative controls were placed into proliferation assays as
described above in the presence of 100 nM AP20187, 100 nM
AP23510, or no additive. Cell number was determined at
2 days for HUVECs and at 3 days for HMVECs by Alamar
Blue reduction as described above.

RT-PCR for FGFR Isoforms
RNAwas collected from HMVECs and HUVECs for RT-PCR
analysis using Qiagen RNeasy kits. RNA was reverse tran-
scribed to cDNA using random priming and Superscript II
(Invitrogen). RNA, random primers (Promega, Madison,
WI), and first strand buffer (Invitrogen), were combined,
incubated at 901C for 2min, cooled to 421C and then com-
bined with dNTPs (Promega), DTT (Invitrogen), RNase
inhibitor (Invitrogen), and Superscript II at 421C for 60min.
The mixture was then heated to 961C for 5min and the
resulting cDNA was stored at �201C until further use.

Primers for the four different human FGFR isoforms were:
FGFR1-sense: AAC CTC TAA CTG CAG AAC TGG GAT G;
FGFR1-antisense: AGT CCA TTA TGA TGC TCC AGG TGG
C; FGFR2-sense: CGC GCT CTG AGC CTT CGC AAC TC;
FGFR2-antisense: GTG GTA TCC TCA ACT AAA CTG AAG
GAG G; FGFR3-sense: CCA GCG GCT GCA GGT GCT GAA
TG; FGFR3-antisense: GCA CGT CCA GAG TGT ACG TCT
GCC; FGFR4-sense: AGC AGC AAG AGC AGG AGC TGA
CAG; FGFR4-antisense: CGA AGC TGC TGC CGT TGA
TGA CG. Primers were obtained from Gibco BRL (Carlsbad,
CA, USA). Expected product sizes were 677 and 410 bp for
FGFR1, 533 bp for FGFR2, 464 bp for FGFR3, and 768 bp for
FGFR4. Multiple splice variants of FGFR1 account for the
different amplicon sizes.

To detect the presence of FGFR isoforms, primers and
cDNAwere combined with dNTPs, Taq polymerase, 2.25mM
MgCl2, and � 10 MgCl2-free buffer (Promega). Polymerase
chain reaction (PCR) cycle times and temperatures were
as follows: 951C for 5min, 30 cycles of 941C for 1min, 651C
for 1min, and 721C for 1min, followed by a 5min 721C
extension step. Restriction enzyme digestion confirmed the
identity of the PCR products (data not shown). cDNA from
differentiated human embryonic stem cells served as a posi-
tive control for all four isoforms.

Western Blotting for ERK Activation
F36V and F36Vfgfr-1 HUVECs were grown in six-well plates
and serum starved overnight (basal mediumþ 0.5% BSA).
Medium was exchanged, and then 10 ng/ml bFGF, 100 nM
AP20187, or 100 nM AP23510 was added to the wells. Cells
were incubated for 1 h and then lysed as described below.

Wild-type and F36Vfgfr-1 HMVECs were grown in six-
well plates and serum starved (basal mediumþ 0.1% BSA)
overnight. Medium was exchanged, and then 1 ng/ml
bFGF, 100 nM AP20187, or 100 nM AP23510 was added to
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the wells. Cells were incubated for 1 h and then lysed as
described below.

Protein was harvested in Western sample buffer (50mM
Tris-HCl, 1% SDS, 10% glycerol), containing protease in-
hibitors (complete protease inhibitor cocktail tablets, Roche
Applied Science, Indianapolis, IN, USA) and phosphatase
inhibitors (sodium fluoride, sodium pyrophosphatate, and
sodium orthovanadate, each at 1mM concentration). DNA
was sheared by passing the lysate through a 22G needle 10
times. Protein concentration was assayed with a MicroBCA
kit (Pierce Biotechnology, Rockford, IL, USA). Samples
(25 mg/lane) were loaded into pre-cast 4–15% polyacrylamide
gels (BioRad, Hercules, CA, USA), separated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE), and transferred
onto a Hybond-ECL nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ, USA). The membranes were
blocked (20mM Tris HCl, 500mM NaCl, 0.05% Tween-20,
and 5% Carnation nonfat dry milk) for 1 h at room
temperature and probed for phosphorylated ERK (1:1000,
Cell Signalling Technology, Beverly, MA, USA) overnight
at 41C. Membranes were then washed with TBS-T (20mM
Tris-HCl, 300mM NaCl, 0.1% Tween-20), incubated with
the secondary antibody (horse radish peroxidase (HRP)-
conjugated goat anti-rabbit, 1:7500, Jackson Immuno-
Research, West Grove, PA, USA), and developed using
SuperSignal West Dura (Pierce Biotechnology). Blots
were visualized by exposure to ECL film (Hyperfilm ECL,
Amersham Biosciences).

Following exposure for the phospho-ERK blots, the
membranes were stripped with two 30-min room tempera-
ture washes in stripping buffer (100mM glycine, 0.1% SDS,
1% Tween-20 (pH 2.8)). Membranes were re-blocked and
incubated with a pan-ERK polyclonal antibody (1:1000,
Chemicon, Temecula, CA, USA) and secondary antibody
(HRP-conjugated goat anti-rabbit, 1:50 000), and then de-
veloped and exposed as described above.

Migration Assay
F36V and F36Vfgfr-1 HUVECs were grown to confluence in
gelatin-coated six-well plates and serum starved overnight in
basal medium supplemented with 0.2% BSA. A cell-free path
was created by dragging a 1000 ml pipet tip across the well.
Cells were exposed to media containing 2% FBS and either
10 ng/ml bFGF, 10 or 100 nM AP23510, or no additive (n¼ 3
wells per group). The cell-free paths were imaged at 0, 4, 8,
12, and 25 h, using a Nikon Coolpix 995 digital camera
(2 fields/well), measured using Scion Image analysis software
(Scion Corporation, Frederick, MD, USA) in a blinded
fashion, and plotted as distance migrated.

Statistics
Statistics for proliferation assays and the in vitro wound
re-epithelialization assay were performed using one-way
analysis of variance, followed by the Tukey–Kramer Multiple
Comparison Test (InStat, GraphPad Software Inc., San Diego,

CA, USA). Results are presented as mean7s.e.m. Statistical
significance was set at Po0.05.

RESULTS
Chimeric Receptor Expression and Cell Selection
HUVECs were transduced with a bicistronic vector encoding
either the dimerizer-responsive FGFR1 chimeric receptor
(F36Vfgfr-1)16 or the F36V domain alone and sorted by
FACS for expression of EGFP. After four passages, FACS
analysis confirmed that the F36V and F36Vfgfr-1 HUVECs
were 80 and 95% EGFPþ, respectively. HMVECs were
similarly transfected with the F36Vfgfr-1 construct and
purified based on EGFP expression. FACS analysis after two
passages of HMVECs confirmed that the F36Vfgfr-1 cells
were 90% EGFPþ.

F36Vfgfr-1 HUVECs and HMVECs Proliferate in Response
to Dimerizer and bFGF
In the presence of the dimerizer, F36Vfgfr-1 HUVECs pro-
liferated at twice the rate of control cells (Po0.001), whereas
the F36V negative control HUVECs did not proliferate in
response to dimerizer (P40.05 vs untreated cells). In the
presence of 10 ng/ml bFGF, both F36V and F36Vfgfr-1
HUVECs proliferated at a rate four- to fivefold higher than
untreated cells (Figure 2a). The maximal dimerizer-induced
proliferation, however, was only half of that seen with bFGF
treatment.

HMVECs treated with 1 ng/ml bFGF proliferated at a level
twofold higher than untreated cells (Figure 2b). Increasing
the bFGF concentration to 10 ng/ml did not result in a
greater level of proliferation in these cells (data not shown).
In the presence of dimerizer, F36Vfgfr-1 HMVECs pro-
liferated comparably to bFGF treatment (Po0.001 for
untreated vs each dimerizer concentration), whereas wild-
type negative control cell numbers were equivalent to
untreated samples.

To compare the effects of the two different dimerizers on
cell proliferation, F36Vfgfr-1 HUVECs and HMVECs were
treated with equal concentrations of AP20187 and AP23510.
Both cell types responded to the two dimerizer compounds
with comparable levels of proliferation (P40.05 for
F36Vfgfr-1 HUVEC AP20187 vs AP23510 and P40.05 for
F36Vfgfr-1 HMVEC AP20187 vs AP23510) (Figure 2c and d).

FGFR Isoform Expression in HMVECs and HUVECs
We hypothesized that the variation in proliferation responses
to dimerizer between HMVECs and HUVECs, relative to
their responses to bFGF, may be due to activation of FGF
receptor isoforms in addition to FGFR1. There are four
known FGFRs,29 all of which can signal in response to
bFGF.30 To determine which isoforms these cells expressed,
primers for the four isoforms were designed and used to
probe the cDNA of HMVECs and HUVECs. RT-PCR analysis
revealed that HMVECs express only FGFR1, whereas HU-
VECs express both FGFR1 and FGFR4 (Figure 3). Neither
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population expressed FGFR2 or FGFR3. This difference in
receptor expression patterns between the two cell types may
explain why dimerizer completely mimicked bFGF’s mito-

genic effects in HMVECs, but only partially in HUVECs (see
‘Discussion’).

MAP Kinase Signaling Pathway is Activated in Response
to bFGF and Dimerizer
To determine whether the dimerizer-induced proliferation of
HUVECs and HMVECs is mediated through similar signal-
ing pathways, whole-cell lysates were examined for the pre-
sence of phosphorylated ERK, a downstream signaling target
of FGFR1.11 HUVECs and HMVECs were serum starved
overnight and then stimulated with bFGF or dimerizer for
1 h. Protein lysates were collected, separated by SDS-PAGE,
and Western blotted for either phosphorylated ERK or pan
ERK. Pan ERK was used to verify equal levels of total ERK.
For both HUVECs (Figure 4a) and HMVECs (Figure 4b),
bFGF treatment resulted in an increase in phosphorylated
ERK. Untreated cells showed only low levels of phosphory-
lated ERK. Treatment with dimerizer (AP20187 or AP23510)
resulted in an increase in phosphorylated ERK only in
F36Vfgfr-1 cells; negative control cells showed no increase of
phosphorylated ERK in response to dimerizer.

Blocking MEK Activity Inhibits Dimerizer-Induced
Proliferation
MEK is a MAP kinase kinase that is known to regulate
proliferative signaling following FGF stimulation. To test
whether our chimeric receptor signaled through this pathway,
F36Vfgfr-1 HMVECs were serum starved and treated with
15 mM U0126, a MEK inhibitor, and then treated with
dimerizer in a proliferation assay (Figure 4c). MEK inhibition
significantly decreased dimerizer-induced HMVEC pro-
liferation (Po0.01), but had no effect on the untreated
controls.

F36Vfgfr-1 HUVECs do not Migrate in Response to
Dimerizer
Because endothelial cells have been shown to migrate in re-
sponse to bFGF,31,32 we asked whether dimerizer-induced

Figure 2 Dimerizer induces proliferation in F36Vfgfr-1 endothelial cells.

F36V- and F36Vfgfr-1-transfected HUVECs (a) and wild-type and F36Vfgfr-1-

transfected HMVECs (b) were subjected to proliferation assays as described

in Materials and Methods. Endothelial cells expressing the F36Vfgfr-1

receptor proliferated in response to bFGF and dimerizer, whereas negative

controls responded only to bFGF. HMVECs proliferated at roughly the

same level as bFGF treatment. The HUVEC response to dimerizer was

less than 50% of the response to bFGF. (c, d): both HUVECs and HMVECs

respond comparably to equal concentrations (100 nM) of AP20187 and

AP23510. Bars represent mean7s.e.m. *Po0.01 vs negative ctrl cells.

**Po0.001 vs negative ctrl cells. ^Po0.01 vs no treatment; n¼ 3 per

treatment group.

Figure 3 RT-PCR analysis of FGFR isoform expression. RT-PCR analysis

performed on HMVECs and HUVECs revealed that HMVECs express only

FGFR1, whereas HUVECs express both FGFR1 and FGFR4. Differentiated

human embryonic stem cells (huESC) were used as a positive control.

Amplicon sizes are indicated on the right-hand side. �RT indicates

reactions where reverse transcriptase was omitted.
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FGFR1 signaling could recapitulate this function. F36Vfgfr-1
and F36V HUVECs were grown to confluence in gelatin-
coated six-well plates and then serum starved overnight. Cells
were then monitored over time for their ability to close a gap
created between them in the presence of bFGF, dimerizer, or
no additive. Average initial path width was 883726 mm for
F36Vfgfr-1 HUVECs and 883733 mm for F36V HUVECs.

In contrast with the positive effects detected in the pro-
liferation and signaling data, HUVECs did not respond to
dimerizer in the migration assay (Figure 5). As expected,
bFGF induced both F36Vfgfr-1 and F36V HUVECs to mi-
grate and nearly close the gap at 25 h (759758 mm migrated
for F36Vfgfr-1 HUVECs, 781734 mm for F36V HUVECs,
Po0.05). Contrary to our hypothesis, however, dimerizer-
treated F36Vfgfr-1 HUVECs were indistinguishable from the
untreated group (F36Vfgfr-1 HUVEC distance migrated: no
additive, 531739 mm; 10 nM AP23510, 491732 mm; 100 nM
AP23510, 505745 mm; F36V HUVEC distance migrated: no
additive, 449741 mm; 10 nM AP23510, 512716 mm; 100 nM
AP23510, 516762 mm; all P40.05). Attempts to study mi-
gration of HMVECs in response to bFGF or dimerizer were
unsuccessful, due to cell death and detachment under low
serum conditions required by the assay (data not shown).

DISCUSSION
Tissues require an adequate blood supply for survival and
function; consequently, engineering vascular networks is a
valuable therapeutic goal. In particular, augmenting the
vasculature of ischemic tissues, such as infarcted myo-
cardium, has been shown to improve the function of those

tissues even without replacing lost cardiomyocytes.2,6,7 The
ability to stimulate exogenous vascular cells in situ with a
synthetic ligand would offer advantages, such as cell targeting
specificity in response to systemic dimerizer administra-
tion in vivo. Herein, we present a system to specifically
activate the FGF receptor-1 (FGFR1) signaling pathway in
human endothelial cells and examine the effects of synthetic
dimerizing ligands AP20187 and AP23510 (‘dimerizers’) on
cell function.

Activation of FGFR1 with the dimerizer in HUVECs and
HMVECs induced similar responses with respect to cell
proliferation and activation of the MAP kinase pathway
(Figures 2 and 4). However, there were some differences
between these cell types as well. When stimulated with
dimerizer, HMVECs proliferated at a level that was about the
same as with bFGF. In contrast, HUVEC proliferation in
response to dimerizer was only about half of the response to
bFGF, implying that perhaps the native ligand is signaling
through multiple endogenous receptors in this cell type.
Furthermore, HUVECs migrated well in response to bFGF,
but failed to migrate in response to the dimerizer (Figure 5),
suggesting that bFGF protein induced migration through a
pathway independent of FGFR1. Indeed, RT-PCR analysis of
HUVECs and HMVECs revealed that whereas HMVECs ex-
pressed only FGFR1, HUVECs expressed both FGFR1 and
FGFR4 (Figure 3). We speculate that bFGF-induced migra-
tion in HUVECs may be activated through FGFR4, as sig-
naling with the dimerizer-responsive FGFR1 did not induce
migration, with a similar role for FGFR4 in driving enhanced
proliferation in HUVECs. Basic FGF is able to bind and
signal through all four FGF receptor isoforms, although not
all splice variants.30,33,34 Signaling through FGFR4 has mito-
genic effects on cells, similar in magnitude to FGFR1.34,35

FGFR1 and FGFR4 differ in their signaling pathways; FGFR4
only weakly stimulates the MAP kinase pathway compared to
FGFR1, whereas it activates an 85-kDa serine kinase that is
not detected in FGFR1 activation.34 This is consistent with
our finding of equivalent ERK activation (likely the result of
FGFR1 activation), but differing levels of proliferation, de-
pending on whether the cells expressed FGFR4. This differ-
ence demonstrates the ability of chemically induced receptor
dimerization to dissect signaling pathways more precisely
than can be done with natural ligands.

Our results on the role of FGFR1 in endothelial cell mi-
gration contrast with data presented by Landgren et al,36 who
found that forced dimerization of FGFR1 by using a PDGFR-
a extracellular domain fusion protein induced migration of
endothelial cells in a modified Boyden chamber chemotaxis
assay. However, the cells used in that study were porcine
aortic endothelial cells, so difference in species, vessel source,
assay type, endogenous FGFR isoform expression, or the
different receptor model used could account for the dis-
crepancy in migratory induction.

To address the discrepancies between FGFR1 activation in
HUVECs and HMVECs, we endeavored to test the ability of

Figure 4 Dimerizer induces MAP kinase activation in F36Vfgfr-1 endothelial

cells. HUVECs (a) and HMVECs (b) were serum starved overnight before

addition of bFGF or dimerizer. Treatment lasted for 60min and then protein

was harvested. Both negative control and F36Vfgfr-1 cells phosphorylated

ERK in response to bFGF treatment, but dimerizer treatment induced ERK

phosphorylation only in F36Vfgfr-1 cells. (c) U0126, a MEK inhibitor,

prevents dimerizer-induced proliferation in F36Vfgfr-1 HMVECs. Bars

represent mean7s.e.m.
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(1) F36Vfgfr-1 HMVECs to migrate in response to dimerizer
and (2) a chimeric FGFR4 receptor to induce migration in
HUVECs. Unfortunately, neither experiment was successful.
Attempts to induce HMVEC migration failed due to ex-
tensive cell death under the low serum conditions required to
test the effects of bFGF or dimerizer. A less stringent serum
starvation protocol as described by Antico et al37 for HMVEC
migration did not ameliorate the problem in our hands. We
also attempted to test if dimerization of FGFR4 would sti-
mulate HUVECs to migrate and proliferate as effectively as
bFGF treatment. We generated a lentiviral vector encoding
the F36Vfgfr-4 receptor under the control of the chicken b-
actin promoter with a CMV enhancer element (kindly pro-
vided by C Anthony Blau at the University of Washington).
Despite success in lentiviral transduction of HUVECs with
other constructs, we were unable to obtain efficiently trans-
duced cells, even after antibiotic selection. We speculate that
the chicken b-actin promoter may induce toxic levels of this
receptor, resulting in either cell dysfunction or death.

In summary, we have described a system to specifically
control the proliferation of two independent human en-
dothelial cell types by mimicking the effects of FGF stimu-
lation with a synthetic ligand. Studies of myoblasts
transduced with our F36Vfgfr-1 construct grafted into in-
farcted hearts recently showed larger grafts and improvement
in cardiac function following dimerizer administration,
demonstrating that this system can be used to regulate
therapeutic cell proliferation in vivo.19 Future in vivo studies
with F36Vfgfr-1 endothelial cells will test whether angio-
genesis in ischemic tissues can be controlled with the
dimerizer system.
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Figure 5 Dimerizer does not induce migration in F36Vfgfr-1 HUVECs. F36V and F36Vfgfr-1 HUVECs were grown to confluence in six-well plates and

then serum starved overnight. A cell-free path was created by dragging a pipet tip across the well. Cells were treated with 10 ng/ml bFGF, 10 or 100 nM

AP23510, or no additive as described in ‘Materials and Methods’. Representative images of F36Vfgfr-1 HUVECs in each treatment after 12 h of migration

are shown (a–d); horizontal dashed lines indicate original cell-free path width. The vertical line in each image is a razor blade scratch made on the

back of each well that was used as a landmark to take serial images of the same location. (e) Only bFGF was able to increase the rate of migration of the

cells into the center of the scratch; both doses of AP23510 were indistinguishable from the untreated wells for both the negative control cells and the

F36Vfgfr-1 cells. *Po0.05 vs all other treatments.
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