¢DNA clones encoding VEGF in a library
prepared from differentiated HLO60 cells
suggests that the growth factor is produced
by monocytes and macrophages (19). This
localization would be interesting in view of
the pivotal role these cells have in physiolog-
ical and pathological angiogenesis and in
tissue repair (7). The availability of cDNA
clones and specific antibodies should make it
possible to address these questions, as well
as the more general question of the distribu-
tion of VEGF in normal versus malignant
tissues and its significance and function in
vivo.

Note added in proof: After this work was
reviewed for publication, we were informed
that Keck et al. (29) simultaneously reported
the cloning of vascular permeability factor
(VPF). Apparently, VPF and VEGF have
similar amino acid sequences.
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Vascular Permeability Factor, an Endothelial Cell

Mitogen Related to PDGF

PamELA J. KEck, ScorTt D. HAUSER, GWEN KRivi, KiMm SANZO,
THOMAS WARREN, JOSEPH FEDER, DANIEL T. CONNOLLY*

Vascular permeability factor (VPF) is a 40-kilodalton disulfide-linked dimeric glyco-
protein that is active in increasing blood vessel permeability, endothelial cell growth,
and angiogenesis. These properties suggest that the expression of VPF by tumor cells
could contribute to the increased neovascularization and vessel permeability that are
associated with tumor vasculature. The cDNA sequence of VPF from human U937
cells was shown to code for a 189—amino acid polypeptide that is similar in structure to
the B chain of platelet-derived growth factor (PDGF-B) and other PDGF-B-related
proteins. The overall identity with PDGF-B is 18%. However, all eight of the cysteines
in PDGF-B were found to be conserved in human VPF, an indication that the folding
of the two proteins is probably similar. Clusters of basic amino acids in the COOH-
terminal halves of human VPF and PDGEF-B are also prevalent. Thus, VPF appears to
be related to the PDGF/v-sis family of proteins.

PF WAS FIRST IDENTIFIED IN RO-
dent tumor cell lines ((1-3), but has
recently been purified to homoge-
neity from the serum-free conditioned medi-
um of the human histiocytic lymphoma cell
line U937 (4). Amino acid sequencing of
the NHj-terminus of guinea pig VPF
(gVPF) or the NH,-terminus and tryptic

peptides of human VPF (hVPF) did not
reveal, at the time, obvious similarities to
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other known proteins. Oligonucleotide
probes based on these amino acid sequences
were used to screen a cDNA library pre-
pared from phorbol ester—stimulated U937
cells. The largest of the seven clones isolated
contained a 3.5-kb insert. This probably
represents a full-length cDNA since the size
of the mRNA was approximately 3.8 kb by
Northern blot analysis.

The partial sequence of the cDNA from
the 3.5-kb insert and the sequence of the

the permeability-enhancing and growth-
promoting activities of both gVPF (2, 3)
and hVPF (4). The same antibodies recog-
nized all of the heterogeneous forms of
gVPF observed in immunoblots (3). These
results, in addition to the identity with the
hVPF amino acid sequences cited above,
provide evidence that this cDNA corre-
sponds to hVPE.

This identification was further verified by
expression of the VPF protein in heterolo-
gous cells. The hVPF ¢DNA was inserted
into a bovine papilloma virus (BPV)-based
expression vector, and the resulting plasmid
was transfected into mouse C127 cells. Con-
ditioned media from stable transfectants
were injected intradermally into a guinea pig
to assay for the presence of permeability-

correspondlng prC(EthCC‘l amino acids of Flg. 1. The cDNA sequence 1 GCGCAGACAG TGCTCCAGCG CBCGBCGLCTCC CCAGCCCTGC CCGGCCTCGG
hVPE are shown n Flg. L. The cDNA and predicted amino acid se- 51 GCCGGGAGGA AGAGTAGCTC GCCGAGGLGL CBAGGAGAGL GGGCLGLLCC
sequence contains an open reading frame  quence of hVPF. Nucleo- . .
. . . id beri ith 101  ACAGCCCGAG CCBGABAGGG ACGLGAGCCS COCECCCCHB TCBEBLLTCE
that codes for a 215—amino acid protein. tll ¢ num te}fmg ;tms wit
s I _ even thou approxi- -26 -20
ThC mcthlonme COdOn at posmon 26 rr;ately 1300 b%) angpléoo Met Asn Phe Leu Leu Ser Trp Val His Trp Ser Leu
i 151 GAAACC ATG AAC TTT CTG CTG TCT 166G GTG CAT TGG AGC CTT
probably represents Fhe start of translation. bp of unsequenced <DNA
The alanine at position 1 is the first amino  flank the coding region on e Lo Lon L O als Lvs Tro Ser Sin a1
M M M M a eu eu eu yr eu 1s 1s a Ys rp er n a
acid detected by NH,-terminal amino acid the 5" and 3’ ends, respec- |55 Goe TG CTG CTC TAC CTC CAC CAT GCC AAG TGG TCC CAG GCT
sequencing of U937-derived hVPF. The U‘{Z‘Y: Tﬁe putative ﬁm{‘o " o
intervening 26—amino acid hydrophobic se- acid signal sequence 1s desig- Ala Pro Met Ala Glu Gly Gly Gly Gln Asn His His Glu Val
o . nated as amino acids —26t0 735 oA CCC ATG GCA GAA GGA GGA GGG CAG AAT CAT CAC GAA GIG
quence (61% nonpolar residues) closely re-  _ " whereas mature hVPE
! . X 20
SCmblCS thc Clasmcal consensus Slgnal -SC‘ 18 nqmbered l to 189 The Val Lys Phe Met Asp Val Tyr Gln Arg Ser Tyr Cys His Pro
quence observed for other secreted proteins predicted amino acid  se- 277  GIG_AAG_TIC ATG GAT GTC TAT CAG CGC AGC TAC TGC CAT CCA
(5) and is evidently cleaved to generate quences from the cDNA 30 a0
mature VPE. This is consistent with obser- clone matched amino acid Ile Glu Thr Leu Val Asp lle Phe Gln Glu Tyr Pro Asp Glu
a. r ) . . sequences previously deter- 319 ATC GAG ACC CTG GIG GAC ATC TIC CAG GAG TAC CCT GAT GAG
vations that VPF is a secreted protein. An  mined (4) and arc under- o
in-frame stop codon is found at amino acid lined. A single potential N- lle Glu Tyr Ile Phe Lys Pro Ser Cys Val Pro Leu Met Arg
. . . . . N M 3 16 CC
position 190. A GC-rich area of nucleotides gll}’c‘j)\sylam? Sltlc s bi’(’)‘; et AIC.GAG TAC AICTIC-AAG-CCATCCIGT-GI6-LLC-LIR-ATE COA
S ed. Approximately 5 X 50 70
was fOU.nd uPStreaIn ﬁ'Om the mCtthnlnC clones from a )\ 10 CDNA Cys Gly Gly Cys Cys Asn Asp Glu Gly Leu Glu Cys Val Pro
: gt
start codon (nucleotides 1 to 156) and may library constructed from 203  TGC 666 GGC TGC TBC AAT GAC GAG GGC CTG. GAG TGT GTG CCC
represent untranslated sequences similar to  phorbol  ester—stimulated 80
H Thr Glu Glu Ser Ile Thr Met Gln Ile Met Arg lle Lys
those observed in ¢cDNAs of other factors U937 cells (Clontech) were | = (o0 0L0 0.0 570 ATC ACC ATG CAG ATT ATG CGG ATC AAA
; : ; screened with two oligonu-
including platelet-derived growth factor B : g
. cleotide probes. One probe, 90
(PDGP'B), PDGF'A, transformmg gl‘OWth 5.GTTCTGGCCGCCG- Pro His Gln Gly Gln His Ile Gly Glu Met Ser Phe Leu Gln
. .. 487  CCT CAC CAA GGC CAG CAC ATA GGA GAG ATG AGC TTC CTA CAG
factor—B (TGE-B), insulin-like growth fac- CCCTCGGCCATAGGA-
1 wth GC-3’, which was based on 100 110
tor II’ baSlC ﬁbrOblaSt gl'O faCtOr NH > inal . id His Asn Lys Cys Glu Cys Arg Pro Lys Lys Asp Arg Ala Arg
(bEGF), and c-myc cDNAs (6-11). rrterminal amino - aci 529 CAC AAC AAA TGT GAA TGC AGA CCA AAG AAA GAT AGA GCA AGA
. : . sequencing, hybridized to a
The predicted amino acid sequences for . 120
Tt 1 18 17t 23 33 45 d46 smglc )\gtlo ,done‘ A sec- Gln Glu Lys Lys Ser Val Arg Gly Lys Gly Lys Gly Gln Lys
positions 1to 13, 1710 25, 55 10 %5, an ond probe, 5-GTGGACA- 571 chn GAA ARA AAA TCA GTT CGA GGA ARG GGA AAG GGG CAA AAA
to 55 correspond exactly with those ob- TCTTCCAGGAGTACC- 0 a0
tained by amino acid sequcncing Of the CCGII\CGAGATCGAGT' Arg Lys Arg Lys Lys Ser Arg Tyr Lys Ser Trp Ser Val Pro
. . . . 613 CBA AAG CBC ARG AAA TCC CGB TAT AAG TCC TGG AGC GTT CCC
NH,-terminus and of three different tryptic fl\lg)rsn{atlijg;edfroo:l :c%‘r‘ye;tii
pCptldCS, rCSPCCthCIy (4) ThC perlCth PCPtldC COI'I'CSPOHd-ing to Cys Gly Pro Cys Ser Glu Arg Arg Lys :4?2 Leu Phe Val Gln
molecular mass of 25,384 daltons for a  amino acids 33 to 45 hy- 655  TGT GBG CCT TGC TCA GAG CGG AGA AAG CAT TTG TTT GTA CAA
single monomer of the 189—amino acid, bridized to seven clones 60
is qli containing inserts rangin Asp Pro Gln Thr Cys Lys Cys Ser Cys Lys Asn Thr Asp S
?l_(lmgl}’_cosyl‘geq hVPf:liSllggtly lsrgetr, th’fm in size frgm 0.8 to 3 Sgkbg 697 GAT CCG CAG ACG TGT AAA TGT TCC 160 ARA ARG ACA BAG 106
¢ estim S1Z€S O ¢ reduced subunits L : .
imated st . The screening procedure 170 180
of VPF ObSCrVC(.i by SDS—polyacrylamlde was that of Ullrich (30) with ~___~ fre Cys Lys Ala Arg Gln Leu Glu Leu Asn Glu Arg Tnr Cyo
gel electrophoresis (PAGE), which vary be-  the following modifications: GG CAG CTT GAG TTA AAC GAA CGT ACT 1GC
tween 18 to 24 kD. This heterogeneity may  purified tRNA (0.1 mg/ml)
; : was used instead of salmon Arg Cys Asp Lys Pro Arg Arg Xkt
bC a result of prOtCOlytIC processmg of thC DNA d the sodi 781 AGA TGT GAC AAG CCG AGG CGG TGA GCLCGGGCAGG AGGAAGGAGC
. R L. sperm and the sodi-
CQOH-termlr}us, Whld.l is extremely rich in um pyropf’losphate and ©25 CTCCCTCAGE GTTTCGBGAA CCAGATCTCT CACCAGGAAA GACTGATACA
ba.slc amino E.ICIdS. Mlﬂtlple band§ COUl'd also  adenosine triphosphate 75 GAACGATCBA TACAGAAACE ACGCTGECGE CACCACAGEA TCACCATCGA
arise from differential glycosylation since a  were deleted from the hy- ) i
single N-linked glycosylation site was identi-  bridization solution. The S CAGAACAGTC CTTAATCCAG AAACCTGAAA TGAAGBAAGA GGAGACTCTG
fied at amino acid position 75 (Fig. 1). largest clqnc, 3.5 kb, was 975  CGCABAGCAC TTTGGGTCCE GAGGGLGAGA C1CCGBCGGA AGCATTCCEG
X . . subcloned into pUC9 (New . e o
The NHz-termmal region of the predlcted England Biolabs) and 1195 1025 BBCGBGETGAC CCABCACGGT CCLTCTTGEGA NTTGGATTCG CCATTITATT
amino acid sequence of U937 hVPFE was bp ofscquence was obtained L1075 TITCTTGCTG CTAAATCACE GAGCCUGGAA GATTAGAGAG TITIATTICT
compared with that of gVPF isolated from by the dideoxy-termination ||, gaeaitecTe TAGACACACE CACCCACATA CAT ACATTIA TATATATATA

guinea pig line 10 tumor cells (2, 3) (Fig. 2).

method, with reagents ob-

tained from United States '!7°

TATTATATAT

ATATABATTA A

The two sequences are 78% identical in this
region. Antibodies directed to peptides at
the NH,-terminus of gVPF adsorbed out

Biochemicals. The sequence corresponding to nucleotides 288 to 1110 was obtained by sequencing
both strands of DNA. Nucleotides 147 to 288 were determined from one strand, but were sequenced
twice with two different sequencing primers.
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enhancing activity. Significant amounts of
VPF activity were expressed by cells con-
taining the hVPF construct, but not by
control cells transfected with the vector
alone (Fig. 3). In other experiments, the
activity could be completely immunoad-
sorbed out with an immunoglobulin G di-
rected against gVPF. These results demon-
strated that the cDNA was correctly identi-
fied as hVPF and that this gene alone is
sufficient for expression of VPF activity.
Comparisons of the hVPF nucleotide se-
quence with other known nucleotide se-
quences in the European Molecular Biology
Laboratory (EMBL) (12) and GenBank (13)
databases revealed low but significant ho-
mology of hVPF with PDGF-B, PDGF-A
(Fig. 4), and other related members of the
PDGF/v-sis oncogene family of proteins, but

hVPF
gVPF

25
hVPF

gVPF

35
Thr Leu Val Asp Ile Phe Gln
* * * * * *

gVPF Met Leu Val Asp Ile Phe Gln
34

Fig. 3. Expression of permeability-enhancing ac-
tivity by C127 cells transfected with the hVPF
gene. Serum-free conditioned medium was col-
lected from three selected cell lines (VPF-25B,
VPF-29B, and VPF-30B) transfected with a BPV
expression vector containing the hVPF cDNA
sequence or from a control line (BPV-1123)
transfected with the BPV vector only. Medium
was concentrated fivefold with a Centricon-10
ultrafiltration device before the Miles permeabili-
ty assay was performed (31). A positive response
is indicated by the appearance of a spot at the site
of intradermal injection of sample into the guinea
pig, indicating extravasation of Evan’s blue dye
from the circulation. The photograph showing
the back of the guinea pig was taken approximate-
ly 15 min after the intradermal injection of sam-
ples. The hVPF cDNA was expressed in mamma-
lian cells with a BPV vector. This vector is based
on the 100% viral genome and utilizes the mouse
metallothionein I promoter and the SV40 late
polyadenylate [poly(A)] addition site to regulate
the expression of foreign genes. The vector was
linearized at the single Bam HI site between the
promoter and poly(A) addition site. The 5’ over-

hVPF
PDGF-B
PDGF-A

hVPF RGO BT
PDGF-B g;@s R
PDGF-A [VIKRQ SSVIKG

*

hVPF PKKD] E!
PDGF-B AA. VT
PDGF-A SL-NPDYREE-D'

CSCKNTDSRCKARQLELNEﬁTCRCDKPRR
LKETLGA

hVPF
PDGF-B
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5 10 15
Ala Pro Met Ala Glu Gly Gly Gly Gln Asn His His Glu Val Val
* * * * * * * * *

Ala Pro Met Ala Glu Gly Glu --- Gln Lys Pro Arg Glu Val Val
5 9

20
Lys Phe Met Asp Val Tyr Gln Arg Ser Tyr Cys His Pro Ile Glu
* * * * * * * * * * *

Lys Phe Met Asp Val Tyr Lys Arg Ser Tyr Cys Arg Pro Ile Glu
19 24

. 20
APMAEGGGQNHHEVVKFMDVYQRSY[GHPIETLV P
SLGSLTL. TAH
sI] Al
. * 80 .
E (I MR QGQ

40 .
CGPCSERRKH.
VRRPPKGKHR!

not with other known sequences including
aFGF, bFGF, TGF-B, epidermal growth
factor, or platelet-derived endothelial cell
growth factor (14). The identities of the
deduced amino acid sequence of hVPF with
PDGF-B and PDGF-A are 18% and 15%,
respectively. In contrast, 44% of the amino
acids of PDGF-B and PDGF-A are identical.
All eight cysteines in the PDGF-like pro-
teins are conserved in hVPF, thereby sug-
gesting that these proteins have similar ter-
tiary structures in this region. In addition,
hVPF contains eight other cysteines in the
COOH-terminal portion of the molecule, all
of which are outside the cysteine-rich do-
mains of PDGF-B and PDGF-A. Another
major structural feature that hVPF and the
PDGF proteins share is the presence of
several lysine- and arginine-rich regions in

Fig. 2. Comparison of the NH,-
terminal sequences of hVPF and
1s  gVPF. The NH,-terminal sequence
of U937 cell hVPF is taken from
Fig. 1, and the sequence of gVPF
was determined by amino acid se-
29 quencing of purified gVPF from
guinea pig line 10 tumor cells (2,
3). '

30

* *

' BPV-1123
. bW VPF-30B
. B VPF-29B
L ¥ ‘ VPF-25B
B4l
1/Dilution

hanging ends of the vector fragment were filled in
with Klenow enzyme and ANTPs. Similarly, the
plasmid containing the hVPF cDNA was digested
with Xma I and the 1021-bp VPF fragment was
isolated by gel electrophoresis. This blunt-end
fragment was then inserted into the vector by
ligation. Mouse C127 cells were cotransfected
with the hVPF expression vector and pSV2neo by
standard techniques and G418-resistant transfec-
tants were selected. Colonies were picked and
expanded into stable lines for assay.

Fig. 4. Comparison of
hVPF and PDGF se-
quences. The eight con-
served cysteines as well as
other identical residues of
PDGF (7) and hVPF are
boxed. The potential N-gly-
cosylation sites are denoted
by asterisks. Spaces have
been provided to yield maxi-
mal alignment of the se-
quences.

160
'QDPQTCK
HTHDKTA

the COOH-terminal halves of the polypep-
tide chains.

Both PDGEF (15, 16) and hVPF (4, 17) are
highly basic dimeric proteins that are stable
to boiling and to acid treatment, but labile
to treatment with sulfhydryl reducing
agents. In addition, both hVPF (4) and
PDGEF (16) display microheterogeneity with
respect to size and charge in SDS-PAGE
and other electrophoretic systems. It has
been proposed that the heterogeneity of
PDGF-A is due to proteolytic processing in
the highly basic COOH-terminal region of
the protein (7, 15). Human VPF also con-
tains a large number of lysine and arginine
residues (31 of 89, 35%) in its COOH-
terminal region that could serve as sub-
strates for serine proteases. This suggests
that COOH-terminal proteolysis could con-
tribute to the heterogeneity of VPF.

PDGF and gVPF are structurally related
and are both potent mitogens, but their
target cell specificities and biological proper-
ties are different. PDGF stimulates in vitro
growth of fibroblasts and smooth muscle
cells (15, 18), whereas VPF stimulates endo-
thelial cell proliferation (2). Furthermore,
PDGEF does not enhance permeability when
tested in the Miles permeability assay (2,
19).

Although the normal physiological func-
tion of PDGF is thought to involve wound
healing, the v-sis oncogene from simian sar-
coma virus contains the sequence for
PDGF-B (20, 21). Expression of the v-sis
protein leads to transformation and tumori-
genicity (22, 23). The permeability-enhanc-
ing activity of VPF, as well as its mitogenic
and angiogenic properties suggest that it too
could be a wound-healing agent if expressed
under appropriate conditions. The same
properties suggest that the expression of
VPF by tumors could lead to leakiness of

- tumor-associated vasculature (24-27) and to

tumor angiogenesis (28). VPFs that are im-
munologically related to gVPF are produced
by various human and rodent tumor cell
lines (29) and have been purified from hu-
man U937 tumor cells (4) and guinea pig
line 10 tumor cells (2, 3). It is possible that
VPE, as described here, could itself be an
oncogene product that is related to a non—
tumor-associated VPF-like protein yet to be
discovered. This would be analogous to the
relation between v-sis and PDGF-B. The
description of the VPF sequence should
allow for the design of suitable probes to
examine this possibility and to determine
the normal function of VPF and related
proteins.

Note added in proof. After completion of
this work, Ferrara and Henzel (32) de-
scribed a protein called bovine vascular en-
dothelial cell growth factor (VEGF). The
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sequence of the first five amino acids of
bovine VEGEF is the same as the sequence of
hVPE. The cDNA sequence of human
VEGF is similar to that of hVPF (33),
except for an additional 24 amino acids in
the hVPF sequence. The human VPF se-
quence data will appear in the EMBL/Gen-
Bank/DDB]J nucleotide sequence databases
under the accession numbers X15997 or
M27281.
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" Sure it looks bad now, but in 2000 years people will come
from all over the world to take pictures of this rubble."
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