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Differential Expression of the Two VEGF Receptors flt
and KDR in Placenta and Vascular Endothelial Cells
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Abstract Vascular endothelial growth factor (VEGF) is a newly identified growth and permeability factor with a
unique specificity for endothelial cells. Recently the flt-encoded tyrosine kinase was characterized as a receptor for
VEGF. A novel tyrosine kinase receptor encoded by the KDR gene was also found to bind VEGF with high affinity when
expressed in CMT-3 cells. Screening for flt and KDR expression in a variety of species and tissue-derived endothelial
cells demonstrates that flt is predominantly expressed in human placenta and human vascular endothelial cells.
Placenta growth factor (PIGF), a growth factor significantly related to VEGF, is coexpressed with flt in placenta and
human vascular endothelial cells. KDR is more widely distributed and expressed in all vessel-derived endothelial cells.
These data demonstrate that cultured human endothelial cells isolated from different tissues express both VEGF
receptors in relative high levels and, additionally, that all investigated nonhuman endothelial cells in culture are also
positive for KDR gene expression. @ 1994 Wiley-Liss, Inc.
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Vascular endothelial growth factor (VEGF)
[1—4], also known as vascular permeability fac-
tor (VPF) [5,6] or vasculotropin (VAS) [7], is a
member of a recently identified family of endo-
thelial cell mitogens and angiogenic factors.
VEGF was purified from media conditioned by
several tumor cell lines [3,7-9] and also by bo-
vine pituitary folliculostellate cells [1,4]. Molecu-
lar cloning of the cDNA suggests that in human
cells at least four species of VEGF can occur as
121, 165, 189, and 206 amino acid forms, gener-
ated by alternative splicing of the VEGF gene
[2,10].

Another member of the VEGF family is the
recently identified placenta growth factor (P1GF),
which was, so far, found only in placenta and
choriocarcinoma cells [11]. PIGF, like VEGF, is
a secretory, dimeric, and N-glycosylated protein.
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PIGF and VEGF show high amino acid sequence
similarity in the PDGF-like region. Thus, the
PIGF protein shows a similarity of approxi-
mately 70% to the PDGF-like domain of human
VEGF when both the identical and conservative
amino acid changes are considered. Like VEGF,
PIGF also stimulates the growth of endothelial
cells [11].

VEGF is a growth factor with a unique speci-
ficity for vascular endothelial cells. The mito-
genic activity of VEGF appears to be mediated
by specific VEGF receptors which are found on
the surface of various types of endothelial cells
[12-15] or can be induced in vivo in highly
malignant brain tumors [16]. High-affinity bind-
ing sites for VEGF were found on the cell sur-
face of bovine endothelial cells [12] and human
umbilical vein endothelial (HUVE) cells [17], as
well as on various fetal and adult endothelial cell
strains [15]. Colocalization of 2°I-VEGF bind-
ing with Factor VIII-like immunoreactivity dem-
onstrated binding sites associated with vascular
endothelial cells of both fenestrated and non-
fenestrated microvessels and the endothelium
of large vessels. No displaceable binding was
evident on nonendothelial cells [18].
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Recently a receptor-type tyrosine kinase en-
coded by the flt gene [19] was shown to bind
VEGF with high affinity [20]. The overall struc-
ture of the deduced amino acid sequence indi-
cated that flt is closely related to the fms family,
to which belong colony stimulating factor-1
(CSF-1) receptor gene [21,22], platelet-derived
growth factor (PDGF) receptor genes [23,24],
and the c-kit gene [25-27]. The gene was there-
fore designated as flt (f ms-like ¢tyrosine kinase)
gene. The flt gene is also highly homologous to
the very recently cloned human Flt4 gene [28].
The mRNA of flt is expressed in a variety of
normal tissues of human and rat with high
expression in human placenta, but not in most
of the tumor cell lines so far examined [19].

A partial ¢cDNA encoding a novel receptor
tyrosine kinase was recently cloned from a hu-
man endothelial cell cDNA library by polymer-
ase chain reaction (PCR) using a primer for
conserved receptor tyrosine kinase regions. The
predicted amino acid sequence contained mul-
tiple characteristics typical of a type III receptor
tyrosine kinase and was therefore designated
KDR for kinase insert domain—containing recep-
tor. Expression of the receptor was detected in
bovine endothelial cells but not in smooth muscle
cells or fibroblasts [29]. Very recent results indi-
cate that KDR encodes a second receptor for
VEGF [30]. The homologous gene for the hu-
man KDR gene in mouse is Flk1 [31] and for rat
is TKrC [32], whereas the mouse and rat homolo-
gous genes for flt are not known.

We have investigated the expression pattern
of the KDR and flt gene as well as that of the
PIGF gene by Northern blot analysis in a large
number of different endothelial cell types and
human and fetal bovine placental tissue. We
found that KDR is widely expressed in different
vascular endothelial cell types but the expres-
sion rate is low in human and fetal bovine placen-
tal tissue. In contrast, high flt expression was
detectable in human endothelial cells and hu-
man placental tissue. High expression of PIGF
was found in human placental tissue and in
human vascular endothelial cells.

MATERIALS AND METHODS
Cell Lines

Primary human umbilical vein endothelial
cells (HUVE) were isolated and cultured as de-
scribed [33]. Additionally, HUVE cells were also
purchased from PromoCell (Heidelberg, Ger-

many) and cultured according to the provided
protocol. Human aortic endothelial cells (HAEC)
and human microvessel endothelial cells (MVEC)
were grown in M199 supplemented with 25 mM
HEPES, 10% human serum, 10% newborn calf
serum (heat inactivated), 90 pg/ml heparine,
and 20 pg/ml endothelial cell mitogen using
fibronectin- or gelatin-coated cultured flasks.
Human smooth muscle cells were isolated and
cultured as described [34]. Bovine aortic endothe-
lial cells (BAE), bovine adrenal capillary endothe-
lial cells (BACE), and bovine brain capillary
endothelial cells (BBC) [14] were grown in
DMEM containing 10% fetal calf serum (FCS)
endothelial mitogen using gelatinized culture
flasks. Bovine fetal aortic endothelial cells
(FBAE) were grown in DMEM containing 10%
FCS. Porcine aortic endothelial cell line (PAE)
were cultured in Ham’s F12 medium containing
10% FCS [35]. All other cell lines were grown in
DMEM supplemented with 10% calf serum.

Generation of cDNA Probes

The following sense and antisense primers
were used for gene amplification. (1) KDR gene:
sense primer KD1: 5'-CAACCTTCTAGGT-
GCCTGTAC, antisense primer KD2: 5'-
GGATATTTCGTGCCGCCTGG. PCR product
corresponds to nucleotides 1,188-1,594 of the
published human ¢cDNA KDR sequence [30]. (2)
fit gene: sense primer VR1: 5-CCCAAGCT-
TAGAGGACGGACTCTGGC, containing a Hind
I1I site, antisense primer VR2: 5'-GAAGATCAT-
TGCACTGAGGTGTTAAC, containing a Bgl 11
site. PCR product corresponds to nucleotides
172-1,231 of the human fit ¢cDNA sequence
[19]. (3) PIGF gene: sense primer 310: 5'-
ACGTCTGAGAAGATGCCGGT, antisense
primer 821: 5'-AGGGAAACAGTTGGCTAATAA.
PCR product corresponds to nucleotides 309-
884 of the human PIGF ¢DNA sequence [11].

Preparation of Specific cDNA Probes

Total RNA was isolated as described [36].
RNA (1 pg) from BACE for KDR gene and from
human placenta for PIGF gene were used for
¢DNA amplification with PCR as described [37],
with the exception that the reactions finally
were incubated for 10 min at 72°C. The PCR
products were separated on an agarose gel and
subsequently cloned in the Sma I site of the
Bluescript vector (Stratagene, La Jolla, CA). For
the flt gene, 2 pl of a human placenta Agtll
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¢DNA library (1-9 x 10? pfu/ml, Clontech Labo-
ratories, Palo Alto, CA) was subjected to PCR.
The reaction mixture (100 pl) was 67 mM Tris
HCIl, pH 8.8,6.7 mM MgCl,, 16.6 mM (NH4),50,,
250 uM dNTP, 0.17 mg/ml BSA, 0.5 mM of each
primer, and 2 U Taq polymerase (Promega).
After 30 cycles of 1.5 min at 94°C, 1.5 min at
65°C, and 4 min at 72°C, the reaction product
was extracted with phenol and phenol chloro-
form (1:1) and ethanol precipitated. The PCR
products were dissolved and filled in using Kle-
now fragment and subcloned into Eco RV site of
the Bluescript vector. Positive clones were se-
lected by small-scale preparations of plasmid
DNA as described elsewhere [38], followed by
restriction analysis. The DNA of recombinant
clones were amplified by large-scale plasmid
preparation, analyzed, and identified by auto-
matic sequencing from both sites [39].

Northern Blot Analysis

Total RNA was prepared from various cell
lines and tissues by a guanidin/cesium chloride
centrifugation method [36] or by a modification
of the acid guanidinium thiocyanate-phenolchlo-
roform extraction protocol [40]. Northern blot
analysis was done as described [37]. For flt gene
Northern blot was also carried out with low
stringency as described [28]. Final wash was
with 1 x SSC at 50°C.

VEGF Receptor Binding Assay

Binding experiments were performed with re-
combinant human VEGF 45 on BACE cells by a
modification of the procedure as described previ-
ously for smooth muscle cells [34]. Briefly, cells
were seeded in DMEM-10% calf serum at 5 X
104 cells per well in 12-well plates. After 72 h,
the cells were washed with binding buffer
(DMEM, 25 mM HEPES, 1 mg/ml bovine serum
albumin, pH 7.4), and then incubated for 3 h at
4°C with binding buffer containing increasing
concentrations of '25]-rh-VEGF 45 [41]. Unspe-
cific binding for each concentration was deter-
mined by addition of a 100-fold excess of unla-
beled ligand. Cultures were washed extensively
with binding buffer and then solubilized with
0.3 M NaOH, 0.1% SDS. Radioactivity present
in the lysates was quantitated using a gamma
counter. Recombinant human VEGF,4; was io-
dinated to 300,000—400,000 cpm/ng by using
the chloramin T method [42]. The data were
subjected to Scatchard plot analysis [43,44].

Assay for Mitogenic Activity

Mitogenic assays were performed as described
previously [45]. Briefly, BAE cells were seeded
at 1 x 10% cells per well into 24-well plates in
DMEM-10% calf serum. Cells were allowed to
attach overnight at 37°C. The medium was
changed to DMEM—-2% calf serum supplemented
with 1.5 uM thymidine. Mitogens were added 24
h later. Incubation was continued for an addi-
tional 18 h, after which time 1 wCi [*H] thymi-
dine (56.7 Ci/mmol, NEN) was added. Cells
were kept at 37°C for an additional 6 h. Cell
monolayers were fixed with methanol, washed
with 5% trichloroacetic acid, solubilized in 0.3 M
NaOH, and counted by liquid scintillation.

RESULTS
Expression Pattern of KDR Gene

Because very little is known about KDR ex-
pression and distribution in cells and tissues, we
investigated the expression pattern of KDR in
cultured vascular endothelial cells of different
origin, some nonendothelial cell lines as well as
in human and fetal bovine placenta. The poly-
merase chain reaction was used to amplify the
specific cDNA probe for the KDR gene contain-
ing the full kinase insert domain (nucleotide
1,188-1,594) [30]. The expression pattern of the
KDR gene was examined by Northern blot analy-
sis using stringent conditions for hybridization.
The expression of the KDR gene was found to be
specific for endothelial cells from many different
sources, but was not found in other cell types
(Fig. 1). KDR is also expressed in human and
fetal bovine placenta at a low rate. The KDR
mRNA is visible as a main band of approxi-
mately 7.0 kb (Fig. 1). The size of the mRNA
species is in agreement with earlier reports [29].
Additional bands were visible after a longer expo-
sure. The same results were obtained using a
human 1.4 kb ¢cDNA fragment, corresponding to
nucleotides 360-1,720 of the full-length se-
quence [30] coding for the extracellular part of
the KDR receptor (not shown). However, com-
pared to the flt gene (see Fig. 2), the expression
level of KDR was generally lower and a 10-fold
longer exposure time was necessary to get a
similar signal on the autoradiogram.

Expression Pattern of flt Gene

It was known that fit gene is expressed in a
variety of normal tissues of human and rat [19],
but little is known about the expression pattern
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Fig. 1. Expression of KDR gene in various vascular endothelial
cell types from different sources, some nonendothelial cell lines
and human and fetal bovine placenta. About 8 pg of total RNA
for each lane were separated on an agarose gel, transferred to
nitrocellulose filter, and hybridized with a specific cDNA probe
(see Materials and Methods). For KDR gene, hybridization was
done with a 0.4 kb ¢cDNA fragment (top panel). Lane 1:
huPlacenta, human placenta; lane 2: fboPlacenta, fetal bovine
placenta; lane 3: HUVE, human umbilical vein endothelial
cells; lane 4: HAEC, human aortic endothelial cells; lane 5:
MVEC, human microvessel endothelial cells; lane 6: BCE, bo-
vine capillary endothelial cells; lane 7: BACE, bovine adrenal

in different endothelial cell types. We therefore
investigated the expression pattern of the fit
gene in vascular endothelial cells of different
sources, some nonendothelial cell lines and hu-
man and fetal bovine placenta. The polymerase
chain reaction was used to amplify a part of the
extracellular domain (nucleotide 172-1,231) of
the published cDNA sequence [19]. Using North-
ern blot analysis, the flt gene was shown to be
highly expressed in human placental tissue and,
to a significant lower extent, in all human endo-
thelial cells used in this investigation (Fig. 2). In
placenta, three bands with approximately 7.5,
3.4, and 2.7 kb were visible, the 3.4 kb mRNA
species being the dominant band. The size of the
transcripts are consistent with earlier published
results, which shows that the 7.5 kb band corre-
sponds to the full-length receptor mRNA and
that the lower bands are probably correspond-
ing to mRNAs for truncated forms containing
the extracellular part of the receptor [19]. In the
human endothelial cells the pattern is different.
There are four mRNA species: the approxi-
mately 8.0 kb and 7.5 kb bands appearing as a
doublet and two bands at 3.4 kb and 2.7 kb. The
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capillary endothelial cells; lane 8: FBAE, fetal bovine aortic
endothelial cells; lane 9: BAE, bovine aortic endothelial cells;
lane 10: BBC, bovine brain capillary endothelial cells; lane 11:
PAE, porcine aortic endothelial cell line; lane 12: boSMC,
bovine smooth muscle cells; lane 13: NIH3T3, mouse 3T3
fibroblasts; lane 14: CHO, Chinese hamster ovarium cells. To
control for sample loading and RNA integrity, all filters were
stripped and rehybridized with a full-length mouse a-actin
cDNA probe (lower panel). The ethidium bromide stain of the
28-S RNA of the gels is also shown. Exposure time was 21 days
(with amplifier).

predominant species are the 8.0 kb and 7.5 kb
bands (Fig. 2). There is also a very faint signal in
the porcine aortic endothelial cell line (PAE),
after an exposure of one week. All bovine vascu-
lar endothelial cells as well as bovine maternal
and fetal placental tissues were negative for
detection of flt gene expression, whereas mouse
placenta and some rat tissues (e.g., lung, kidney)
were positive for flt gene expression after pro-
longed exposure (not shown). We were not able
to get a positive signal for fit gene expression in
bovine-derived RNAs even under low stringency
conditions and after more than one week expo-
sure time of the autoradiogram (not shown).

Binding Studies With '251-VEGF 45 and Thymidine
Incorporation Assay

In earlier reports it was shown that bovine
brain capillary endothelial (BBC) cells [14] and
aortic arch-derived bovine endothelial (ABAE)
cells [12] have two high affinity binding sites for
VEGF. To confirm that the bovine endothelial
cells used in our studies for gene expression
have also two high affinity binding sites for



60 Barleon et al.

£ L 000 <
R I R A
- e
28S -
[ . ]
188 -

- fit

2es - LTI

«—Eth.Br.

Fig. 2. Expression of flt gene in various types of vascular endothelial cells from different sources, some
nonendothelial cell lines and human and fetal bovine placenta. About 8 pg of total RNA for each lane were
separated on an agarose gel, transferred to nitrocellulose filter, and hybridized with a specific cDNA probe
(see Materials and Methods). For flt gene, hybridization was carried out with a 1.05 kb cDNA fragment. To
control for sample loading and RNA integrity, all filters were stripped and rehybridized with a full-length
mouse a-actin cDNA probe (below). The ethidium bromide stain of the 28-S RNA of the gel is also shown.

Exposure time was 2.5 days (with amplifier).

VEGF, we performed binding studies with radio-
labeled, purified recombinant human VEGF (rh-
VEGF,¢5) [41] on bovine adrenal capillary endo-
thelial (BACE) cells. Half maximal and maximal
binding occurred at 12 pM and 125 pM, respec-
tively (Fig. 3). It was possible to displace the
bound growth factor almost totally by adding an
excess (100 times) of unlabeled VEGF45. The
saturation of the specific binding in the pM-
range indicates, that VEGF g5 is able to bind to
the high affinity receptors described for VEGF
on bovine endothelial cells [12-14]. Scatchard
analysis of the binding data demonstrates the
existence of two different receptor classes: the
first type has a Kp of 6.4 pM (2,160 receptors/
cell) and the second type has a Kp of 20 pM
(3,100 receptors/cell). We obtained similar re-
sults with fetal bovine aortic endothelial (FBAE)
cells and with bovine aortic endothelial (BAE)
cells (not shown).

These data suggest that the bovine endothe-
lial cells used in this study have two VEGF
receptors but that the human ¢DNA probe ei-
ther does not cross-hybridize with the bovine flt
mRNA or that bovine endothelial cells express a
different VEGF binding receptor which is not

yet identified. It was shown before that recombi-
nant VEGF 45 from insect cells is indistinguish-
able in receptor binding if compared with mam-
malian VEGF [46]. Thymidine incorporation
experiments as well as proliferation studies were
carried out on BAE cells to investigate whether
our purified VEGF g is biologically active.
VEGF,4; at concentrations between 3 and 5
ng/ml (0.075-0.125 nM) had a maximal effect
on DNA synthesis (Fig. 4). Similar results were
obtained with other bovine vascular endothelial
cells, for example, with FBAE cells and BACE
cells (data not shown).

Sequence Homology Studies

Because we were not able to get a positive flt
signal in bovine cells and tissues with our hu-
man probe, we compared the homology between
the different VEGF receptors to find out the
degree of conservation in different species. We
found that the homology between the homolo-
gous VEGF receptor genes KDR (human) [30],
Flk1l (mouse) [31], and TKrC (rat) [32] was In
the range of 90-98% within the catalytic do-
main. The homology within the extracellular
part between KDR and Flkl was about 80%
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Fig. 3. Saturation binding curve and Scatchard plot of '251-VEGF s binding to BACE cells. Binding was
carried out on confluent BACE cells in 12-well plates for 3 hr at 4°C in the presence of increasing
concentrations of 1231-VEGFy;s (inset). The nonspecific binding (closed dots) was determined in parallel
dishes containing 100-fold excess of unlabeled VEGFy¢5 and was substracted from the total binding (open
squares) to obtain the specific binding (closed squares). Binding results were analyzed by the method of
Scatchard [46] with the aid of the LIGAND program [47] to fit the data to a two-site model.
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Fig. 4. Stimulation of [*H}-thymidine uptake by bovine aortic
endothelial (BAE) cells after incubation with different amounts
of purified recombinant human VEGF¢s. Cells were starved
(2% bovine calf serum) for at least 24 hr before treatment. Then
growth factor was added and cells were incubated for 18 hr
before addition of [*H]-thymidine. Cells were harvested and
counted 6 hr later.

(Table I). This result indicated that at least this
type of VEGF receptor is highly conserved be-
tween different species. The homology between
KDR and the two other known human VEGF
receptor genes flt [19] and Flt4 [47] was 80%
and 77% for the amino half and 79% for the
carboxyl half of the kinase domain, respectively.

The homology to the kinase insert was 45% and
12%, the homology within the extracellular do-
main was 33% and 37%, respectively.

Sequence homology with other kinases was
significantly lower, ranging between 56-59% for
the amino half and 51-57% homology for the
carboxyl half of the receptor tyrosine kinase.
The homology to the kinase insert was in the
range of only 7% to 14% (Table I).

Expression Pattern of PIGF Gene

PIGF is a protein closely related to VEGF and
so far no data were reported about expression
and distribution of this growth factor in endothe-
lial cells and tissues. We used RNA from the
same cells to investigate the expression pattern
of this growth factor. The specific cDNA probe
for PIGF corresponds to nucleotides 309-884 of
the human PIGF ¢DNA sequence [11]. As ex-
pected for a ¢cDNA isolated from a placenta li-
brary, PIGF was expressed as a 1.8 kb band in
human placenta tissue and, surprisingly, in all
human vascular endothelial cells (Fig. 5). There
was also a faint signal in most of the bovine
vascular endothelial cells after a longer expo-
sure (not shown). Interestingly, the fit and PIGF
gene expression level was very high and colocal-
ized in placental tissue and the human vascular
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TABLE I. Amino Acid Homology in Tyrosine Kinase Domain Between KDR Gene and Other Type
III Tyrosine Kinase Receptor Genes

Amino half® Insert? Carboxy! half* Extracellular domaind
Genes % % % %
VEGF receptor genes
KDR/FLK-1 95 90 97 80
KDR/TKrC 96¢ 91 98¢
KDR/FLT4 77 12 79 33
KDR/fit 80 45 79 37
Unrelated receptor pairs
KDR/F1t3 (FLK2) 58 17 55
KDR/PDGF-aR 58 14 57
KDR/PDGF-BR 56 10 51
KDR/CSF-1 58 11 52
KDR/c-kit 59 7 54
Related receptor pairs
PDGF-aR/PDGF-BR 84 30 71
Bek/flg 87 50 92

aKDR residue 820-929; ¥930-1000; °1001-1229; KDR residue 1-765.

¢Only partly published

KDR [30]; FLK-1 [28]; TKxC [32]; FLT4 (28]; it [19]; Fit3 [54]; FLK2 [55]; PDGF-oR [24]; PDGF-BR [23]; c-kit [26]; CSF-1

[21]; Bek/flg [56].
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Expression of PIGF gene in various vascular endothelial cell types from different sources, some

nonendothelial cell lines and human and fetal bovine placenta. About 8 g of total RNA for each lane was
separated on an agarose gel, transferred to nitrocellulose filter, and hybridized with a specific cDNA probe
(see Materials and Methods). For PIGF gene, hybridization was carried out with a 0.56 kb cDNA fragment.
To control for sample loading and RNA integrity, all filters were stripped and rehybridized with a full-length
mouse a-actin cDNA probe. The ethidium bromide stain of the 28-S RNA of the gels is also shown.

Exposure time was nine days (with amplifier).

endothelial cells. No expression was detected in
fibroblasts or in vascular smooth muscle cells.

DISCUSSION

The identification and characterization of re-
ceptors which mediate the signals of mitogenic
and angiogenic growth factors, such as VEGF

and PIGF, is of general interest because of the
potential involvement of those factors in physi-
ological and pathological processes such as blood
vessel formation and tumor angiogenesis. For
VEGF, the presence of high affinity binding
sites was demonstrated on endothelial cells of
many different sources. In situ ligand binding
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studies with whole body sections also indicated
that VEGF binding correlates with the detection
of von Willebrand factor, an endothelial specific
antigen marker [18]. Very recently, the receptor-
type tyrosine kinases flt and KDR were identi-
fied as receptors for VEGF [20,30]. The flt gene,
isolated from a placenta library, was reported to
be expressed in several normal tissues of adult
human and rat, with no clear identification of
the expressing cell type [19]. KDR was isolated
from a human endothelial cell cDNA library and
known to be expressed in bovine endothelial
cells [29].

Our Northern blot studies with several endo-
thelial cells and nonendothelial cell lines as well
as human and fetal bovine placenta revealed
that the flt gene is highly expressed in human
placental tissue and in all other human vascular
endothelial cells investigated. Unexpectedly, all
of our cultured bovine vascular endothelial cell
types including placental tissue were negative
for fit gene expression. The reason for this nega-
tive result is not known. First, there may be no
cross-hybridization between the human ¢cDNA
and the bovine mRNA for the receptor gene. On
the other hand, the human fit cDNA fragment
gives a positive signal with porcine aortic endo-
thelial cells, mouse placenta, and with several
rat tissues if exposed over a longer period. This
indicates that the flt gene seems to be conserved
in several species. This assumption is further
supported by the finding that the Flt4 gene,
another putative receptor for VEGF [47], is also
highly conserved in different species including
chicken {28]. Another support is the isolation of
two partial tyrosine kinase receptor cDNA clones
(CK1 and 131) from avian embryo. These clones
show a high amino acid sequence homology (85—
96%) to the human VEGF receptor genes [48],
especially for KDR and Flt4. Since the expres-
sion pattern of both genes as well as that of the
fit gene is similar, with highest expression in
lung tissue, it is not possible to determine which,
if either, of CK1 and I31 are the corresponding
avian homologous genes for two of the known
human VEGF receptor genes. The second possi-
bility, which seems to be very unlikely, is that
the flt gene is not expressed in cultured bovine
vascular endothelial cells and in bovine placen-
tal tissue. Results from Sarzani and coworkers
[32] seem to confirm the second possibility. They
showed that flt is not expressed in cultured
bovine aortic endothelial cells. However, low
expression of the flt gene was detectable with a

human flt ¢cDNA probe, if fresh bovine aortic
intima was used for RNA preparation [32].

The ¢cDNA probe for the KDR receptor, which
was generated with RNA from bovine aortic
endothelial cells (BACE), hybridized with hu-
man vascular endothelial cells as well as with
the RNA from endothelial cells of other species
(e.g., porcine, rat). These results were confirmed
with a human cDNA fragment for the KDR
receptor. Northern blot analysis revealed that
the KDR gene is expressed in nearly all vascular
endothelial cells examined, even though the ex-
pression level is very different between cells, and
generally lower. KDR is also expressed in hu-
man and fetal bovine placental tissue but not in
nonendothelial cells. These cell types were known
to be unresponsive for VEGF stimulation [7,15],
which is consistent with the former finding that
VEGF is an endothelial cell-specific mitogen
[1,2,6,7,49]. In summary, our data about the
differential expression of the two VEGF recep-
tor mRNAs are based on Northern blot analysis.
Further studies are necessary to verify the differ-
ential presence of these receptor proteins in
vascular endothelial cells.

Our binding studies and previously published
results [12—-15,17] showed two high-affinity bind-
ing sites for VEGF in vascular endothelial cells.
The second VEGF receptor, KDR, seems to be
more specific for endothelial cells, because for fit
it was shown before that this gene is also ex-
pressed in some nonendothelial cell lines, for
example, human choriocarcinoma cells [19]. This
assumption is further supported by our prelimi-
nary studies with monocytes, which express the
fit receptor but not the KDR receptor [B. Bar-
leon, unpublished observations]. Even if our
results may favor the idea that fit and KDR are
the receptors for VEGF binding in endothelial
cells, we cannot exclude the possibility that Flt4,
the recently cloned putative third VEGF recep-
tor, or other as yet unidentified receptors for
VEGF and PIGF may exist in these cells.

More interesting is the high expression of the
PIGF gene in human endothelial cells. PIGF has
similar characteristics with VEGF, for example,
the amino acid sequence is nearly identical in
size with VEGF;,; and there is a high similarity
between PIGF and VEGF in the PDGF-like do-
main of the VEGF family [11,50]. This region is
probably responsible for the activities of the
different VEGF isoforms [6] and therefore PIGF
might have activities very similar to VEGF [11].
Because it is already known that PIGF is a
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mitogen for endothelial cells [11,50], an auto-
crine loop for PIGF may exist in these cells.
There are several reports about autocrine stimu-
lation of growth factors or growth stimulation
via a positive autocrine signal in vascular endo-
thelial cells, which may serve as an amplifier of
the mitogenic response under certain physiologi-
cal conditions, for example, wound healing and
new capillary formation [51,52]. Experiments
are under way to prove the existence of the
postulated autocrine loop for PIGF in vascular
endothelial cells by immunological detection of
secreted PIGF from HUVE cell-conditioned me-
dia. In this respect, based on the high similarity
between PIGF and VEGF, the high coexpression
of fit and PIGF in placenta and human vascular
endothelial cells indicates that this autocrine
loop may be mediated via the fit/ VEGF receptor
and not via the second VEGF receptor KDR.
However, binding experiments with purified
PIGF have to be performed to analyze if the
PIGF protein binds to the fit receptor with high
affinity. Finally, vascular endothelial cells are
remarkably heterogenic concerning differences
between surface antigens as well as their respon-
siveness to different growth factors [53]. Our
results demonstrate a marked difference in gene
expression rates which may contribute to both
structural and functional heterogeneity of vascu-
lar endothelial cells.

Note added in proof. While this manu-
script was in preparation, the murine genes for
the flt and FLT-4 receptors were cloned [57].
For fit the overall sequence identity is 82%, the
sequence identity of the extraplasmatic region is
about 79%. This result shows that the flt gene is
highly conserved between the mouse and hu-
man genome.
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