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The fins-Like Tyrosine Kinase, a Receptor for
Vascular Endothelial Growth Factor

CARLIE DE VRIES, JAIME A. EsCOBEDO, HIKARU UENO,
KerrH Houck, NAPOLEONE FERRARA, LEwIS T. WILLIAMS*

The fins-like tyrosine kinase (Flt) is a transmembrane receptor in the tyrosine kinase
family. Expression of flt complementary DNA in COS cells conferred specific,
high-affinity binding of vascular endothelial growth factor, also known as vascular
permeability factor (VEGF-VPF), a factor that induces vascular permeability when
injected in the guinea pig skin and stimulates endothelial cell proliferation. Expression
of Flt in Xenopus laevis oocytes caused the oocytes to release calcium in response to

VEGEF-VPE. These findings show that flt encodes a receptor for VEGF-VPF.

ASCULAR  PERMEABILITY ~FACTOR

(VPF) was originally purified from

guinea pig ascites and tumor cell cul-
ture medium as an agent that increases blood
vessel permeability (1, 2). VPF also stimulates
migration of monocytes across an endothelial
cell monolayer (3). Independently, a mitogen
specific for endothelial cells, termed vascular
endothelial growth factor (VEGEF), was puri-
fied from the conditioned medium of bovine
pituitary folliculo stellate cells (4, 5). The amino
acid sequences of VPF and VEGEF are identical
as predicted by their cDNA sequences, indicat-
ing that these different activities are embodied
by the same molecule (6-9). VEGF-VPF is
composed of two presumably identical chains
held together by disulfide bonds. The amino
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acid sequence of VEGF-VPF is distantly relat-
ed (18% overall identity) to the sequence of
platelet-derived growth factor (PDGF), which
is also a disulfide-linked dimer. The eight cys-
teines involved in intra- and interchain disulfide
bridges in PDGEF are identical in VEGF-VPF
(9, 11). In contrast to other endothelial growth
factors such as fibroblast growth factor (FGF)
and platelet-derived endothelial cell growth fac-
tor (PD-ECGF), which do not have signal

*
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sequences for secretion by the endoplasmic
reticalum pathway, VEGE-VPF has these se-
quences and is a secreted ligand (12).

We screened a ¢cDNA library from human
placenta with an oligonucleotide encoding a
sequence common to many tyrosine kinases
(13) and identified a cDNA clone, clone 9,
which is almost identical to the published fins-
like tyrosine kinase (flt) sequence (14, 15).
Clone 9 and flt cDNAs encode proteins that are
similar to the receptors in the PDGF receptor
family, which include the CSF-1 receptor, the
protein encoded by c-kit, and the PDGF a-type
and B-type receptor (16). The similarities be-
tween the ligands VEGF-VPF and PDGF and
between clone 9t and the PDGF receptor
suggested that clone 9-flt might encode a re-
ceptor for VEGE-VPF.

The protein predicted by the flt cDNA
would have seven immunoglobin-like domains
in its extracellular region (compared to five
immunoglobin-like domains in the other mem-
bers of this receptor family), a single transmem-
brane spanning region, and a tyrosine kinase
sequence that is interrupted by a kinase insert

clone 9

127211273

*
| l Ul—EI—I@—M—~— fit

Fig. 1. Schematic representation of the structure of the proteins encoded by clone 9 and flz. The

following structural features are identified: (M) hydrophobic leader sequence,

immunoglobin-like

sequence, (O) transmembrane membrane domain, (&) kinase domains. The asterisk indicates the

position in the transmembrane domain where the published flt sequence has Leu’”? (15) and where our

isolates of clone 9 and flt have Phe””®. The yosition in the COOH-terminal region at which clone 9 has
3

Glu'?72-Val'?”3 and Flt has Asp'?72-Leu'?

is indicated (++). The thick line depicts the 65 additional

amino acids at the COOH-terminus of Flt that are not present in clone 9.
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Fig. 2. Specific binding of >I-VEGF-VPF to
COS cells expressing Flt. COS cells were tran-
siently transfected (19) with the expression vector
pSV7d (P. Luciw, Chiron Corporation, Em-
eryville, California) containing the flt cDNA (sol-
id lines) or the PDGF receptor cDNA (dashed
line). On the third day after transfection the cells
were washed twice with binding medium
[DMEM, 25 mM Hepes, bovine serum albumin
(1%, w/v)] and binding was performed at 4°C for
2 hours in a total volume of 1 ml containing
15,000 cpm '2*I-VEGF-VPF (29) and the indi-
cated concentrations of unlabeled ligand. The cells
were then washed three times with cold binding
medium and lysed with 0.5 ml of lysis buffer (30).
The soluble lysates were counted in a gamma

8

B

125 |.Jabeled VEGF-VPF bound
(cpm)

Ligand (nM)

counter. The binding of >I-VEGF-VPF to COS cells expressing Flt at the indicated concentrations
of unlabeled VEGF-VPF (closed squares), PDGF-BB (closed triangles), and basic FGF (closed circles)
is shown. Binding of >I-VEGF-VPF to COS cells expressing PDGF B-type receptor is also shown
(open squares). Each value represents the + SEM of three determinations.

domain (15, 16). The coding sequence of clone
9 is identical to the published sequence of fit
except at residue 779 (Phe in clone 9 and Leu
in flf) and at the 3’ ends; clone 9 has a stop
codon at position 1274 preceded by codons for
Glu'?7? and Val'?”3, whereas the published
sequence of flt encodes Asp'*”? and Leu'?”3
and continues for 65 amino acids before termi-
nating (Fig. 1). Oligonucleotides from the fit
sequence were used to amplify a full-length
cDNA clone of flt by polymerase chain reac-
tons (PCRs) with human placenta mRNA as
template (17). Every flt sequence we isolated
from the cDNA library and from a different
source of placental RNA encoded Phe at codon
779 (18).

To test the hypothesis that Flt-clone 9 is a
receptor for VEGF-VPF, we expressed the
cDNAs encoding either clone 9 or Flt in COS
cells (19). Transfectants that expressed Flt
bound '?I-labeled VEGF-VPF with high af-
finity, whereas parental COS cells did not bind
125]_VEGE-VPF (Fig. 2). A concentration of
20 pM of unlabeled VEGF-VPF blocked half

Fig. 3. Cross-linking of '>*I-VEGF-
VPF and '*I-PDGF-BB to COS
cells expressing either Flt or PDGF
B-type receptor. COS cells transient-
ly ex?rcssing Flt were incubated
with 12°I-VEGF-VPF (Fig. 2) in
the absence (lane 1) or presence of
unlabeled VEGF-VPF (0.8 nM;
lane 2) or PDGF-BB (1.1 nM; lane
3). As a control, '*I-PDGF-BB
was bound to COS cells transfected
with PDGF B-type receptor in the
absence (lane 4) or in the presence
(lane 5) of unlabeled PDGF-BB (1.1
nM). The cells were incubated with
the ligands for 2 hours at 4°C,
washed three times with phosphate-
buffered saline, and then exposed to
the cross-linking agent 3,3'-bis(sul-

125|
unlabeled

dimer

monomer

of the binding of the labeled ligand. This
affinity is consistent with the affinity for
VEGEF-VPF binding to human umbilical vein
endothelial cells that respond mitogenically to
this factor (20, 21). The interaction of VEGF-
VPF with the receptor on transfected cells is
specific, because PDGF and basic FGF did not
compete with binding of '2’I-VEGF-VPF
(Fig. 2). Similarly, COS cells transiently ex-
pressing the PDGF B-type receptor bound
125L_PDGF (Fig. 3) but did not bind '*5I-
VEGE-VPF (Fig. 2). The same binding spec-
ificity was observed in COS cells expressing
clone 9 (22), indicating that the intracellular
COOH-terminal region of Flt (amino acids
1272 to 1338) is not required for high-affinity
binding of VEGF-VPF to Flt.

To identify the VEGF-VPF receptor pro-
tein, we performed cross-linking studies with
125]_VEGF-VPF and flt transfectants. Com-
plexes with apparent molecular sizes of 205 kD
and more than 300 kD were observed (Fig. 3).
The high molecular size complex presumably
represents a dimer of receptors cross-linked

PDGF
cDNA 4 receptor
11 1
ligang  VPF/VEGF PDGF
ligand - VvV P
g

.- an

P s bad ” -200

e - Q947

1 22230 4. 75

fosuccinimyl)suberate (BS3; 1 mM; Pierce) for 30 min. The reaction was quenched with buffer containing
10 mM tris, pH 8.0, and 0.1 M glycine for 10 min and the cells were lysed with lysis buffer (30). The lysates
were partially purified by binding to wheat germ agglutinin Sepharose and analyzed by SDS—polyacryl-
amide gel electrophoresis (5% gel), followed by autoradiography. Molecular size markers are indicated in
kilodaltons. Monomeric and putative dimeric forms are indicated on the left margin. V and P, unlabeled

VEGEF-VPF and PDGEF, respectively.
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Fig. 4. Induction of calcium efflux by VEGF-VPF
in Xenopus oocytes expressing Flt or clone 9.
Oocytes were injected with 35 ng per oocyte of fit
mRNA (closed circles), clone 9 mRNA (open
squares), or water (closed triangles). Two days
after injection the oocytes were incubated with
45Ca*, and the calcium efflux was measured at
10-min intervals as described (31). The addition
of VEGF-VPF (20 ng/ml) is indicated by the
arrow. The values + SEM of three determinations
are shown. For some points the error bars are
smaller than the symbols.

o
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with VEGF-VPE. Subtraction of the molecu-
lar size of VEGF-VPF (46 kD) from the
apparent size of the 205-kD complex yields an
estimated molecular size for Flt of 160 kD,
which is 10 kD larger than the molecular size of
Flt as calculated from its amino acid composi-
tion (15). An excess of unlabeled VEGF-VPF
blocked the formation of both complexes,
whereas unlabeled PDGF did not affect cross-
linking of '*I-VEGF-VPF with the protein
encoded by flt (Fig. 3). The complexes of
125 PDGF and PDGF B-type receptor had
molecular sizes similar to those of the VEGF-
VPF-Flt complexes (Fig. 3).

To test whether VEGF-VPF can induce
biological activation of Flt, the receptor was
expressed in Xenopus laevis oocytes and its
activation was assessed by a calcium efftux assay
that has been used to measure the activity of
PDGEF and FGF receptors (23, 24). Full-length

fit cDNA was transcribed in vitro and the
capped mRNA was injected into Xenopus
oocytes (25). Addition of VEGF-VPF to the
oocytes induced a fivefold increase in calcium
efflux both in oocytes injected with fit mRNA
or clone 9 mRNA (Fig. 4). Oocytes expressing
Flt or clone 9 did not respond to PDGF-BB
(22), and oocytes injected with water did not
respond to VEGF-VPF or PDGF-BB. These
findings show that VEGF-VPF can induce
activation of both Flt and its truncated form
clone 9, indicating that VEGF-VPF is a ligand
for Flt and that the COOH-terminal portion of
Flt (amino acids 1272 to 1338) is not required
for this biological response.

The cytoplasmic region of Flt includes a
sequence that is up to 60% identical (excluding
the kinase insert region) to amino acid se-
quences of the tyrosine kinase domain of mem-
bers of the PDGF receptor family (15). When
stimulated by ligand binding, the receptors in
this family undergo autophosphorylation of
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cytoplasmic tyrosine residues. Stimulation of
human umbilical vein endothelial cells with
VEGF-VPF results in tyrosine phosphoryla-
tion of a protein with a molecular size of
approximately 200 kD (27) and mobilization
of calcium (26). However, we did not observe
a ligand-dependent increase in tyrosine phos-
phorylation of Flt in oocytes (22). The fit
protein expressed in Xenopus oocytes is consti-
tutively phosphorylated on tyrosine residues,
so it may be difficult to detect ligand-induced
phosphorylation.

High-affinity binding sites for VEGF-VPF
have a tissue distribution similar to that of fit
mRNA (15, 27). The fIt transcript was detect-
ed in human umbilical vein endothelial cells
that respond to VEGE-VPF (28). However,
it is not known whether Flt is the only
receptor for VEGF-VPF or whether it medi-
ates the change in endothelial cell growth and
vascular permeability induced by VEGE-
VPF. Other endothelial cell mitogens, such as
FGF, do not affect endothelial cell permeabil-
ity or monocyte migration, suggesting that
there are unique signal transduction pathways
activated by VEGF-VPE.
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Vegetal Messenger RNA Localization Directed by a
340-nt RNA Sequence Element in Xenopus Oocytes

KmmBERLY L. Mowry AND DouGLAs A. MELTON

Contained within a single cell, the fertilized egg, is information that will ultimately
specify the entire organism. During early embryonic cleavages, cells acquire distinct
fates and their differences in developmental potential might be explained by localiza-
tion of informational molecules in the egg. The mechanisms by which Vgl RNA, a
maternal mRNA, is translocated to the vegetal pole of Xenopus oocytes may indicate
how developmental signals are localized. Data presented here show that a 340-
nucleotide localization signal present in the 3’ untranslated region of Vgl RNA is
sufficient to direct RNA localization to the vegetal pole.

HE BASIS FOR PATTERN FORMATION

in early development can be traced to

the localization of maternal factors in
eggs. Although there is evidence for the
existence of localized cytoplasmic determi-
nants in a number of systems (1), in no case
is the localization process understood. This
localized information can in principle be
stored as RNA or protein. In vertebrate eggs
one example of this phenomenon is Vgl

Department of Biochemistry and Molecular Biology,
Harvard University, Cambridge, MA 02138.

RNA, a maternal RNA found exclusively in
the vegetal hemisphere of Xenopus laevis
oocytes and eggs (2). Vgl RNA codes for a
protein that is homologous to the trans-
forming growth factor B (TGE-B) (3), but
its role in embryogenesis is not currently
understood. Vgl RNA is evenly distributed
in young oocytes but is translocated later,
during the vitellogenic phase of oogenesis,
to the vegetal hemisphere in mature oocytes
and unfertilized eggs (4). After fertilization,
Vgl RNA, and ultimately Vgl protein, are
inherited preferentially by the vegetal blas-
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