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

The fms-like tyrosine kinase (Flt) is a transmembrane receptor in the tyrosine kinase 
family. Expression of jlt 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 Xenvpus laevis oocytes caused the oocytes to release calcium in response to 
VEGF-VPF. These findings show thatyt encodes a receptor for VEGF-VPF. 

v ASCULAR PERMEABILrrY 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 
spec& for endothelial cells, termed vascular 
endothelial growth factor (VEGF), was puri- 
fied from the conditioned me&um of bovine 
pituitary folliculo stellate cells (4, 5) .  The amino 
acid sequences of VPF and VEGF are identical 
as predicted by their cDNA sequences, indicat- 
ing that these Merent activities are em&ed 
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 &sulfide-linked dimer. The eight cys- 
teines involved in intra- and interchain disulfide 
bridges in PDGF are identical in VEGF-VPF 
(9, 1 1). 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 

sequences for secretion by the endoplasmic 
reticulum pathway, VEGF-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 kin&es 
(13) and identified a cDNA clone, clone 9, 
whch is almost idendcal to the published fm- 
h e  tyrosine h a s e  (/It) sequence (14, -15). 
Clone 9 andflt cDNAs encode proteins that are 
s ~ d a r  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 p-type receptor (16). The similarities be- 
tween the ligands VEGF-WF and PDGF and 
between clone 9 9 t  and the PDGF receptor 
suggested that clone 9 9 t  might encode a re- 
ceptor for VEGF-WF. 

The protein predicted by h e  f l t  cDNA 
would have seven immunoelobin-like domains " 
in its extracellular region (compared to five 
irnmunoglobin-like domains in the other mem- 
bers of &s receptor family), a single transmem- 
brane spanning regon, and a tyrosine h a s e  
sequence that is interrupted by a kinase imert 

clone 9 

Fig. 1. Schematic representation of the structure of the proteins encoded by clone 9 a n d j t .  The 
following structural features are identified: ( W )  hydrophobic leader sequence, immunoglobin-like 
sequence, (0) transmembrane membrane domain, (a) kinase domains. The asterisk indicates the 
position in the transmembrane domain where the publishedjt sequence has Leu779 (15) and where our 
isolates of clone 9 a n d j t  have Phe779. The osition in the COOH-terminal region at which clone 9 has 
G l ~ ' ~ ' ~ - V a l ' ~ ~ ~  and Flt has A S ~ ' ~ ' ~ - L ~ U ' ~  ' 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 biding of 1251-VEGF-VPF to 800 
COS cells expressing Flt. COS cells were man- ? 
siently t r a n s f e d  (19) with the expression vector 3 
pSV7d (P. Luciw, Chiron Corporation, Em- h 800 
eryde,  California) containing thej t  cDNA (sol- > 
id lines) or the PDGF receptor cDNA (dashed 
line). On the third day after transfedon the cells # % a- 
were washed twice with binding medium > s 
[DMEM, 25 mM Hepes, bovine serum albumin 200 - 
(l%, w/v)] and biding was performed at 44: for 2 
2 hours in a total volume of 1 ml containing 
15,000 cpm 1251-VEGF-VPF (29) and the indi- 5 0 ,  . ......., . ......., . + 
cated concentrations of unlabeled ligand. The cells 0.01 0.1 1 
were then washed three times with cold binding 
medium and lysed with 0.5 ml of lysis buffer (30). wand (nM) 
The soluble lysates were counted in a gamma 
counter. The binding of 1251-VEGF-VPF to COS cells expressing Flt at the indicated concentrations 
of unlabeled VEGF-VPF (closed squares), PDGF-BB (closed mangles), and basic FGF (closed cirdes) 
is shown. Binding of 1251-VEGF-VPF to COS cells expressing PDGF @-type receptor is also shown 
(open squares). Each value represents the 2 SEM of three determinations. 

domain (15,116). The dmg sequence of done 
9 is identical to the published sequence offlt 
except at residue 779 (Phe in done 9 and Leu 
inflt) and at the 3' ends; done 9 has a stop 
codon at position 1274 p d e d  by codm for 
~ h l 2 7 2  and whereas the published 

sequence offlt encodes AsPl2" and Leu1273 
and continues for 65 amino acids before termi- 
nating (Fig. 1). Oligonucleotides from thefl 
sequence were used to amplify a fd-length 
cDNA clone offlt by polymerase chain reac- 
tions (PCRs) with human placenta mRNA as 
template (17). Everyfl sequence we isolated 
from the cDNA libmy and fiom a different 
source ofplacental RNA encoded Phe at codon 
779 (18). 

To test the hypothesis that Flt-clone 9 is a 
receptor for VEGF-VPF, we expressed the 
cDNh  e n d m g  either clone 9 or Flt in COS 
cells (19). Trar~~fec~nts that expressed Flt 
bound 125~-labeled VEGF-VPF with high af- 
finity, whereas parental COS cells did not b i d  
1251-VEGF-VPF (Fig. 2). A concentration of 
20 pM of unlabeled VEGF-VPF blocked half 

of the bindmg of the labeled ligand. This 
&ty is consistent with the &ty for 
VEGF-VPF b i  to human umbilical vein 
endothelid cells that respond mitogenidly to 
this factor (20, 21). The interaction of VEGF- 
VPF with the receptor on tradected cells is 
speafiq because PDGF and basic FGF did not 
compete with bidmg of 125~-VEG~-VP~ 
(Fig. 2). Similarly, COS cells transiently ex- 
pressing the PDGF p-type reaptor bound 
12'I-PDG~ (Fig. 3) but did not bind '=I- 
VEGF-VPF (Fig. 2). The same bindmg spec- 
ificity was observed in COS cells expressing 
done 9 (22), indicating that the intracellular 
COOH-termi~I region of Flt (amino acids 
1272 to 1338) is not requued for high-&ty 
binding of VEGF-VPF to Flt. 

To identifir the VEGF-VPF meptor pn,  
teh, we performed m-m studies with 
1251-VEGF-VPF andfl tmdecmnts. Com- 
plexes with apparent molecular sizes of205 kD 
and more than 300 kD were observed (Fig. 3). 
The high molecular size complex presumably 
represents a dirner of receptors m-linked 

Fig. 3. Cross-linking of '251-VEGF- 
rl t PDGF 

VPF and lZ5I-PDGF-BB to COS cDNA receptor 
cells expressing either Flt or PDGF I n  
p-type receptor. COS cells transient- 1251 llgand VPF/VEGF PDGF 
ly e ressing Flt were incubated ulmT~sI-YEGF-WF(Fig.2)m un labe led l igand - V P - P 
the absence (lane 1) or of dlmer c 
unlabeled VEGF-VPF (0.8 nM: 

i;iwm 
lane 2) or PDGF-BB 1.1 nM; lane I 3). As a control, l2 I-PDGF-BB 
was bound to COS cells m f e c t e d  onom er + 
with PDGF @-type receptor in the 4 200 

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 

+ 94 7 

the cross-hking agent 3,3'-bis(sul- 1 2 3 4 5  

fo5uccinimyl)suberate (BS3; 1 mM; Pierce) for 30 min. The reaction was quenched with buffer containing 
10 mM ais, pH 8.0, and 0.1 M glycine for 10 min and the cells were lysed with lysis buffer (30). The lysates 
were partially p d e d  by binding to wheat germ agglutinin Sepharose and analyzed by SDS-polyacryl- 
amide gel elecnophoresis (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 
VEGF-VPF and PDGF, respectively. 

Fig. 4. Induction of calcium dux by VEGF-VPF 
in Xenopur oocytes expressing Flt or done 9. 
Oocytes were injected with 35 ng per oocyte o f j t  
mRNA (closed circles), clone 9 mRNA (open 
squares), or water (closed mangles). Two days 
after injection the oocytes were incubated with 
45ca2+ , and the calcium dux was measured at 
10-min intervals as described (31). The addition 
of VEGF-VPF (20 nglml) is indicated by the 
arrow. The values 5 SEM of three determinations 
are shown. For some points the error bars are 
smaller than the symbols. 

with VEGF-VPF. 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 exass of unlabeled VEGF-VPF 
blocked the foxmation of both complexes, 
whereas unlabeled PDGF did not affect cross- 
hnking of 1251-VEGF-VPF with the protein 
encoded byflt (Fig. 3). The complexes of 
'=I-PDGF and PDGF p-type reseptor 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 meptor was 
expdinXenopuclawiroocytesandits 
activation was assessed by a calcium el3ux assay 
that has been used to measure the activity of 
PDGF and FGF receptors (23,24). Fd-length 

flt cDNA was transaibed in vim and the 
capped mRNA was injected into Xenopus 
oocytes (25). Addition of VEGF-VPF to the 
oocytes induced a five6oId increase in calcium 
d u x  both in oocytes in@ withfl mRNA 
or clone 9 mRNA (Fig. 4). Oocyta expressing 
Flt or done 9 did not respond to PDGF-BB 
(22), and oocytes injected with water did not 
respond to VEGF-VPF or PDGF-BB. These 
6 n d q s  show that VEGF-VPF can induce 
activation of both Flt and i s  truncated form 
done 9, indicating that VEGF-VPF is a ligand 
for Flt and that the COOH-& pomon of 
Flt (amino acids 1272 to 1338) is not requmd 
for this biological respom. 

The cytoplasmic region of Flt indudes a 
sequence that is up to 60% identical (excluding 
the kinase insert region) to amino acid se- 
quences of the tyrosine kinase domain ofmem- 
bers ofthe PDGF receptor f w  (15). When 
stimulated by hgand bin- the receptors in 
this famdy 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 (21) and mobilization 
of calcium (26). However, we did not observe 
a ligand-dependent increase in tyrosine phos
phorylation of Fit in oocytes (22). The JU 
protein expressed m 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 Jit 
mRNA (15, 27). The jit transcript was detect
ed in human umbilical vein endothelial cells 
that respond to VEGF-VPF (28). However, 
it is not known whether Fit is the only 
receptor for VEGF-VPF or whether it medi
ates the change in endothelial cell growth and 
vascular permeability induced by VEGF-
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-VPF. 
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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 p (TGF-p) (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 bias-

Vegetal Messenger RNA Localization Directed by a 
340-nt RNA Sequence Element in Xenopus Oocytes 
KlMBERLY 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 V g l 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 V g l RNA is 
sufficient to direct RNA localization to the vegetal pole. 
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