
qrlation state of newly svnthesized Rb is a 
consequence of M-induced growth arrest. 
This conclusion is supported by the observa- 
tion that treatment of HL-60A cells with 
compounds such as TPA (13), DMSO, or 
sodium butyrate all resulted in a similar time 
course of the decrease of Rb phosphoryl- 
ation (Fig. 3B, lanes 7 to lo) ,  despite the 
fact that these compounds each affect a 
different cellular target. After 96 hours of 
treatment with RAY sodium butyrate, or 
DMSO, the cells exhibited an underphos- 
phorylated Rb of 98 kD. As RNA blot 
(Northern) analysis revealed a normal sized 
mRNA (13), the origin of this truncated Rb 
could be due to the initiation of translation 
at an internal ATG codon of RBI. As this 
svecies of Rb is observed in cells treated 
with the various chemical inducers, its ap- 
pearance may be related to the state of 
growth arrest rather than differentiation of 
the cells. 

We have demonstrated that newly synthe- 
sized Rb in cells at the Go and GI  phases is 
underphosphorylated and that newly syn- 
thesized Rb is phosphorylated at multiple 
sites only in cells at the GI/S boundary and 
in the S phase. Our observations are consist- 
ent with the interpretation that the under- 
phosphorplated form of Rb inhibits cell 
proliferation and that this form of Rb is 
rendered inactive by phosphorylation at one 
or more critical sites before the initiation of 
DNA synthesis. The SV40 large T antigen 
can only bind to, and presumably inactivate, 
the underphosphorylated form of Rb (18). 
Thus, the inactivation of Rb by phosphorpl- 
ation may be an obligatory event for cells to 
traverse the Gl/S boundanr. Control of cell 
proliferation may therefore be exerted at the 
level of Rb inactivation. 
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An Inducible Endothelial Cell Surface Glycoprotein 
Mediates Melanoma Adhesion 

Hematogenous metastasis requires the arrest and extravasation of blood-borne tumor 
cells, possibly involving direct adhesive interactions with vascular endothelium. 
Cytokine activation of cultured human endothelium increases adhesion of melanoma 
and carcinoma cell lines. An inducible 110-kD endothelial cell surface glycoprotein, 
designated INCAM-110, appears to mediate adhesion of melanoma cells. In addition, 
an inducible endothelial receptor for neutrophils, ELAM-1, supports the adhesion of a 
human colon carcinoma cell line. Thus, activation of vascular endothelium in vivo that 
results in increased expression of INCAM- 110 and ELAM- 1 may promote tumor cell 
adhesion and affect the incidence and distribution of metastases. 

EMATOGENOUS METASTASIS IS AN 

inefficient process, with most can- 
cer cells failing to survive in the 

circulation [reviewed in (I)]. Endothelial 
injury or denudation enhances metastasis 
formation (2), suggesting that the lining of 
blood vessels may normally act as a barrier 
to tumor cell extravasation. However, tu- 
mor cells adhere focally to intact endotheli- 
um and subsequently transmigrate to the 
basal lamina, often after many hours (3). 
Characteristic patterns of metastatic spread 
have led to the suggestion that tumor cells 
preferentially interact with microvascular 
endothelium in particular organs or tissue 
sites (4). Activation of endothelium by qlto- 
lunes increases the adhesion of human mela- 
noma and carcinoma cells in vitro (5-7). 
Thus, tumor cell adhesion to the vessel wall 
may result from focal alterations in endothe- 
lial cells, perhaps involving the expression of 
specific cell surface molecules. 

Endothelial cell surface properties can be 
altered in response to cy;okines, bacterial 
endotoxin, and coagulation factors (8). In- 
terleukin- 1 (IL- 1 ), tumor necrosis factor 
ITNF), and endotoxin increase leukocvte 
adhesion through biosynthesis and expres- 
sion of m70 cell surface glycoproteins, endo- 
thelial leukocyte adhesion molecule 1 
(ELAM- 1) ( 9 )  and intercellular adhesion 
molecule 1 (ICAM-1) (10, 11). Monoclonal 
antibody ( U b )  studies did not demon- 
strate a role for ELAM- 1 (5) or ICAM- 1 (5- 
7) in melanoma cell adhesion. 

To identifv endothelial surface structures 
involved in the adhesion of melanoma cells, 
MAbs were generated to TNF-stimulated 
human endothelial cells (HECs) from unl- 
bilical vein (12). The MAb Ell6 recognized 
an inducible HEC surface antigen whose 
expression paralleled adhesiveness for mela- 
noma cells. Continuous exposure of HEC 
monolayers to recombinant TNF resulted in 
increased melanoma adhesion (Fig. lA), 

Vascular Research Division, Department of Patholog,, 
Brigham and Women's Hospital and Harvard Medical 
School, Boston, IMA 021 15. 

and increased expression of Ell6 antigen 
(Fig. 1B) that was detectable at 2 hours, 
maximal at 6 to 8 hours (an increase of 

*To whom correspondence should be addressed. 13.6 F 1.9 times in MAb binding, mean 
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o, 1 6 -  Fig. 1. Comparison of niclarlo~na label first appeared in the 95-kD species and 
B cell adhesion arld H E C  surface was subsequently detected i n  he 1 1 0 - k ~  

expression of E l l 6  antigen, E I A W  
1, ar~ci ICM-1. (A) Serially pas- species (Fig. 3B), concurrent with a decrease 

600- saged  HE,-^ 2 in intensity of the 95-kD band. Transiently 
V) grown in rnicrotiter arells \\.ere labeled higher n~olecular size species (> I50  
o treated with T N F  (200 Ulrnl, gift kD) obsen~ed in these studies most likely 
5 300- of Riogcn) for the indicated time represent nonspecific background poly. 

periods. The nionolaycrs \vere then 
labeled llLl peptides, since they in 

man nlelallorna cells ( H ~  2 9 4 ~ -  o b  studies with two other MAbs. Taken to- 
' &  

0 1 2  4 8 24 0 1 2 4 8 ' 24 taincd from ATCC), arcre added gether, these data suggest that the 95-kD 
TNF incubation (hours) (5 x 1O41\\.ell), and a 30-min adhe- alld 1 l0-kD species differ in glycosylation. 

sion assay was pcrfor~ned (5). Data ~~~~~~~i~~ of ~ 1 1 6  antige1; ill rcprcxnt means of cjuadruplicatc rn~crotitcr \vclls. (B) H E C  monolayers arcrc treated with T N F  (200 
Ulrnl), and exposed to MAbs E116, H1817 (anti-E1,AM-l), o r  12R-2 (anti-ICAM-I) ( P C ,  1 hour). tissues immullO~erOxidase 
MAb birlding to intact H E C  nionolaycrs Jvas assessed with "5~-labelcd F(abO2 fraglncrlts of antibody techniques (15). In six of ten specimens of 
to mouse irnni~inoglobulin (Ig) (9). Specific counts arere determined by subtracting counts per niirlutc hun1an lung, i M b  El16 bound to vascular 
dcterm~rlcd with irrelevant, isotypc-matched MAbs (generally less than lo3 cpm). Data points reilreserlt elldothelial cells in a proportioll of small 
the nicarls of quadn~plicate microtiter wells. Orlc of three sirnilar experiments is depicted. 

blood vessels (typically 10 to 30%). The 
most extensive endothelial staining (approx- 

F SEM, six experiments), and maintained The human colon carcinoma cell line HT- imately 50% of vessels) was ohsenred in a 
through 48 hours. Comparable results arere 29 also adhered to TNF-activated HEC 
obsenred with IL-1- or endotoxin-treated monolayers more than to u~lstimulated 
HEC monolayers. The kinetics of Ell6 anti- monolayers (an increase of 2.5 r 0.4 times, - 
gen expression on TNF-activated HECs dif- mean t SEM, four experiments) (6). In 3 2 0 0  Fig. 2. Effect of MAbs 

fered significantly from that of ELAM-1, contrast to its e&ct on melanoma cells, 5 E116, HI817 (anti- EIAM-I) ,  and LU-2 
which was maximal at 4 hours and declined MAb El16 did not inhibit HT-29 carcinoma 2 8001 (anti-IC‘W-1) on SK- 
toward basal levels by 24 hours (Y), but was cell adhesion to HECs (Table 1) .  How~ever, 2 MEI,-24 cell adhesion to 
similar to that of ICAIM-1 (11, 13) (Fig. a MAb directed against E L M - 1  (H1817) HECs. Unstiniulated and 

1B). Low levels of Ell6 antigen and ICAU- wTas effective (59 t 10% inhibition, mean TNF-stimulated (200 
Ulml, 6 hours) H E C  

1, but not ELAU-I, i ~ r e  expressed on 2 SEM, four experiments) These data are nionolayers were incubat- 
unstimulated HECs. The El16 antigen was consistent with the relatively transient effect Control TNF ed in rnediuni containing 
not detected on the human melanoma cell of endothelial activation on HT-29 cell ad- no h u b  (~vhitc bars). 
lines SK-MEL-24 or Hs 294T by indirect hesion [peak at 4 hours, decline by 24 hours MAb (cdhlre s"~cnlatalt) @lack bars), 

HI817 (10 p g  of ascitcs protein per nlillilitcr) radioimmunoassay, immunostaining, or (6)], which parallels the cell surface expres- bars), or ,MAb LR-2 pglllll) 
flow cyton~etnl. sion of ELAM-1 (Fig. 1B). bars) for 30 1ii1 at 37°C. Kadiolabclcd SK-LMEL- 

Adlesion of SK-MEL-24 cells to TNF- In immunoprecipitation studies, MAb 24  ccUs (5 x lo4 per ~nicrot~tcr \\.ell) \vere added 
activated HEC monolayers was blocked by El16 reacted with polypeptide species of "'ithout renlo\.al of MAbs. i f l c ~ b a t ~ d  (25'C) 

MAb E116, arhereas MAb HI817 (anti- 110 kD and 95 deri1led from total cell for additiorlal 30 to 'Iates 
a.cre sealed with acctatc tape covers, in\,e~tcd, a l d  

E L M - 1 )  and MAb LK-2 (anti-ICAM-1) extracts of biosynthetically labeled, TNF- c e , l t r ~ ~ l g c ~  to renlo\.e nonadhcrent (n, 
had no significant effect (Fig. 2) .  Similarly, stimulated HECs (Fig. 3A). A single band represent meals t- SEM of quadniplicate microtiter 
the adhesion of three human melanoma cell corresponding to a polypeptide of 76 kD a.clls. In separate studies, clllturc supernatant of the 
lines (SK-MEL-24, Hs 294T, and HT-144) was obsenled after treatment of the HEC f'"'"' nl!'lOnla line (NS-l) had ctFcct On 

melaloma ccll adhesion. ~ X 4 b  4145 (IgGl), which to IL-1- or endotoxin-stimulated HECs precipitate with N-glycosidase F to remove birlds eqLldlly to uIlstllllL,lated ;uld cvtokinc-stirnLl- 
was inhibited by MAb El16 (Table 1). N-linked carbohydrates (Fig. 3A). Biosyn- latcd HEC~, as a.cll as to nlelanollla ,dso 
Exposure of melanoma cells to MAb El16 thetic studies ("pulse-chase") revealed that no ctfect. 
before assays (follo\xwi by washing) did not 
block adhesion, whereas similar treatment of 
HEC nlO1lO1a~ers was effective (34 7% Table 1. Percent inhibition of turnor ccll-cndothclial adhesiorl by MAb E1/6. Human umbilical vein 
inhibition of Hs 294T cell adhesion, mean cndothclial cell nionolayers \vcre rrlcubated for 6 to 8 hours rn M199 with 20% FRS alone, o r  
I SEM, two experiments). The MAb El16 supple~ilented with II>-1 ( 5  U/mI), T N F  (200 Ulnil), or  endotoxin (1 pglrnl). HECs arere then washed 

did llot inhibit adhesion o f ~ s  2947 cells to ad irlcubatcd for 3 0  min in KPMI wit11 10% horse serurn, El16 culture supernatant, or  with control 
h?Ab before the addition of tumor cclls (5 x lo4 per ~nicrotiter \\.ell). Data arc represented as percent 

subendOtllelial "posed after ''Onen- decrease in adhcs~on of tunior cclls to  HECs exposed to MAb E116, cornpared to n o  MAb 
zynlatic removal of HECs (2 mdf EDTA). ( r n c a ~ ~ s  2 SEM of two to six cxpcrimcnts, each performed \vlth quadnlplicate ni~crotitcr \vclls). 

Murine K16-F10 melanoma cells (14) also Corltrol MAbs H4145 and E l l 1  had n o  significant erect on tumor cell adhesion t o  ullstimulatcd or  
exhibited increased acfiesion to TNF-acti- sti~nulatcd HECs. In the absence of MAb, tunior ccll adhesion to 112-1-, TNF-,  and endotoxin-treated 

vated HEC monolayers (an increase of HECs rarlgcd bcmcen 500 and 1500 cclls/nini2, an increase of tvro to fi\-c times over control 
monolayers. NL), not detected. 

3.6 rt 1.0 times, five experiments). The 
MAb El16 inhibited B16 melanoma cell Decrease in adhesion (%) 
adhesion to activated HECs (Table l ) ,  sug- Cell line 

11,- 1 T N F  Endotosir1 gesting that a mechanism for melanoma cell 
bindinz to the endothelial stmcture identi- Hurnall melanoma SK-MET,-24 6 7  t 9 71 + 7 70 + 3 ', 
fied b ~ l  MAb El16 may be consenred across Hunla" melanonla H s  294T 

species lines. Anti-ELM-1 and antl- '11e1a"o""~144 
Murille melanoma B16-F10 

ICAM-1 MAbs had no efect on B16-F10 Humall carclrlorna HT.29 
cell ad~esion. 
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lung specimen in which ELAM-1 antigen, a 
marker of endothelial activation (16), was 
also expressed. Small vessels of tonsil 
(n = 2); and to a lesser extent peripheral 
lymph node (n = 4), also expressed El l6  
antigen focally. Although El l6  antigen was 
most often found in endothelium of vostca- 
pillary venules and veins, it was also ob- 
served in arterial endothelium in lung and 
lymphoid tissue. Some high endothelial ven- 
ules bound a b  E116, but these specialized 
postcapillary vessels of lymphoid tissue were 
not selectively marked. Initial evidence sug- 
gests that certain disease processes associat- 
ed with endothelial activation result in the 
upregulation of El16 antigen (17). In addi- 
tion, MAb El l6  bound to certain nonen- 
dothelial cell types, notably cell populations 
of dendritic morphology within organized 
lymphoid tissues. 

The biochemical characteristics, patterns 
of expression, and functional properties of 
Ell6 protein distinguish it from previously 
described endothelial molecules involved in 
cell-cell adhesion, including the cytokine- 
inducible glycoproteins ELAM-1 (9) and 
ICAM-1 (10, 11, 18, 19), and the vascular 
addressins (20). We propose to designate 
this structure "inducible cell adhesion mole- 
cule 110" (INCAM-110) (21). ELAM-1, an 
inducible endothelial receptor for neutro- 

Fig. 3. (A) Autoradiogram of SDS-polyacrylam- 
ide gel comparing biosynthetically labeled 
([35S]cysteine/methionine) proteins precipitated 
from unstimulated and TNF-stimulated HEC 
with MAbs E1/6, H1817, and LB-2. HEC mono- 
la ers were incubated in the presence of L- r [3 Slcysteine and L-[35S]methionine (Du Pont 
Biotechnology Systems) for 5 hours with or 
without TNF (9), and lysed with 2 mM tris-HC1 
plus 2% Nonidet P-40 and 1 rnM phenylmethyl- 
sulfonyl fluoride (pH 7.4) for 30 min at 4°C. For 
immunoprecipitation, HEC lysates (50 to 100 *I) 
were incubated for 12 to 16 hours at 4°C with 
MAbs, and subsequently with anti-mouse immu- 
noglobulin coupled to Sepharose4B (2 hours, 
PC, Cooper Biomedicals, pretreated with lysates 
of unlabeled, unstimulated HECs to diminish 
nonspecific adherence of labeled proteins). Beads 
were washed and boiled in buffer containing 0.5 
mM SDS and 2-mercaptoethanol (0.1 mM) (9). 
Imrnunoprecipitation samples from activated 
HECs were exposed to N-glycosidase F (N-Gly- 
canase, Genzyrne, 10 U/d ,  3TC, 18 hours) (last 
lane). Samples were separated through a 4 to 11% 
SDS-polyacrylamide gel. The autoradiograph 
shown is from one of four similar studies. MAb 
EM, which recognizes a constitutively expressed 
antigen, reacted with a 96-kD species in both 
control and activated endothelium. (6) Kinetic 
labeling ("pulse-chase") of Eli6 protein. HEC 
monolavers were treated for 1 hour with TNF (200 

phils (9), also supported the adhesion of a 
colon carcinoma cell line, suggesting that 
tumor cells may recognize endothelial cell 
surface moleculk that-function normally in 
the adhesion of blood leukocytes. Interest- 
ingly, initial studies indicate that INCAM- 
110  functions as an endothelial-lymphocyte 
adhesion molecule. The putative tumor (and 
leukocyte) cell surface ligands for INCAM- 
110 and ELAM-1 have not yet been de- 
fined. However, the presence of an NH2- 
terminal lectinlike domain in ELAM-1 (9) 
suggests that tumor cell and leukocyte sur- 
face carbohydrates may be involved in its 
adhesive interactions. 

Tumor cell extravasation may involve se- 
quential adhesive interactions with vascular 
endothelium (4) and subendothelial matrix 
(22). INCAM-110 and ELAM-1 provide 
potential mechanisms for direct adhesion of 
tumor cells to endothelial cells. In a patient 
with cancer. endothelial activation with in- 
creased expression of these molecules could 
result from host cell production of TNFIca- 
chectin (23) or from concurrent disease pro- 
cesses [for example, infection or sepsis (8, 
24)]. Tumor cells themselves may also pro- 
duce cytokines (25), which raises the possi- 
bility that malignant cells arrested wi&in a 
vessel could promote surface alterations in 
adjacent endothelium. 

Control 

0.5 0.25 0.5 1 2 
+t 

Chase 

e (hours) 

Uld). washed. and incubated for an additional 30 
min in  MI-1640 without L-cysteine and L-m~thionine,~upplemented with 10% dialyzed fetal bovine 
serum (FBS) and TNF. L-13sS1Cvsteine and L-~~'Slmethionine were then added for 15 or 30 min. 
~ertain'samples were lysed ~m~ediately (pulse),'whie others (after 30-min labeling) were washed and 
placed in MI99 with 20% FBS with TNF for various times (chase) before lysis and gel electrophoresis. 
Transiently labeled species of molecular size >I50 kD were observed in pulse-chase studies with MAb 
HI817 (anti-EM-I) (*shown at 0.25 hour chase) and MAb Ell1. 
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Vascular Endothelial Growth Factor Is a Secreted 
Angiogenic Mitogen 

Vascular endothelial growth factor (VEGF) was purified from media conditioned by 
bovine pituitary folliculostellate cells (FC). VEGF is a heparin-binding growth factor 
specific for vascular endothelial cells that is able to induce angiogenesis in vivo. 
Complementary DNA clones for bovine and human VEGF were isolated from cDNA 
libraries prepared from FC and HL60 leukemia cells, respectively. These cDNAs 
encode hydrophilic proteins with sequences related to those of the A and B chains of 
platelet-derived growth factor. DNA sequencing suggests the existence of several 
molecular species of VEGF. VEGFs are secreted proteins, in contrast to other 
endothelial cell mitogens such as acidic or basic fibroblast growth factors and platelet- 
derived endothelial cell growth factor. Human 293 cells transfected with an expression 
vector containing a bovine or human VEGF cDNA insert secrete an endothelial cell 
mitogen that behaves like native VEGF. 

T H E  ELUCIDATION OF THE FACTORS 

that control angiogenesis is critical 
for the understanding of organ de- 

velopment and remodeling during e m b n -  
onic and fetal life, wound healing, and tissue 
regeneration, as well as for insight into the 
pathogenesis of ab~lormal events such as 
neoplastic proliferations, rheumatoid arthri- 
tis, and retinopathies (1). 

Several factors, including epidermal 
growth factor, transforming gronrth factors 
a and p, tumor necrosis factor, angiogenin, 
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and prostaglandin E2 are angiogenic in vivo 
(2). However, these agents have little or no 
direct mitogenic effect on  vascular endothe- 
lial cells. Their action is thought to  be 
mediated by other angiogenic inducers, ei- 
ther derived from macrophages (1, 3) or 
stored in the basement membra~le (4). In 
contrast, basic and acidic fibroblast growth 
factors (bFGF and aFGF) are v e n  effective 
in inducing vascular endothelial cell prolif- 
eration in vitro and a~lgioge~lesis in vivo (5). 
In view of their wide tissue distribution, 
FGFs have been proposed to be major medi- 
ators of angiogenesis (5). Honrever, a puz- 
zling aspect of the nvo FGFs casts doubts on 
their role as general mediators of angiogene- 
sis: they both lack a hydrophobic signal 
peptide (6) required for the extracellular 
transport according to classical secreton 

pathways (7). Accordingly, FGFs are se- 
questered inside the cells of origin and ap- 
parently d o  not ha\.e direct access to  target 
cells ( 8 ) .  FGF may be incorporated into the 
basement membrane and released when spe- 
cific enzymes degrade this structure (4). 
Even the newly identified platelet-derived 
endothelial cell growth factor (PD-ECGF) 
lacks a signal peptide (9). There is, however, 
strong experime~ltal evidence that angiogen- 
esis requires the release of difisible factors 
(10). Furthermore, media conditioned by a 
variety of transformed and untransformed 
cells exert mitogenic activin. on endothelial " 
cells (1 I ) ,  suggesting the secretion of mito- 
gens distinct from FGF. 

We identified and purified a he~ar in-  
binding vascular endothel~al growth factor 
(VEGF) from media co~lditioned bv bovine 
pituitary follicular or folliculostellate cells 
(FC) (12). This growth factor is a dimeric 
protein with a molecular mass of 45,000, 
composed of two subunits of identical mo- 
lecular mass (23,000) and has a unique 
NH2-terminal amino acid sequence. VEGF 
is a potent mitogen for vascular endothelial 
cells isolated from both small and large 
vessels, but does not affect the growth of 
BHK-21 fibroblasts, lens epithelial cells, 
cor~leal endothelial cells, keratinocytes, or 
adrenal cortex cells. The Dresence of VEGF 
in high concentrations in the medium condi- 
tioned by F C  suggested that VEGF is a 
secreted molecule and that it may be a 
soluble mediator of endothelial cell growth 
and angiogenesis. 

We isolated cDNA clones that encode 
bovine VEGF by screening a cDNA library 
(13) prepared from F C  (14). This was done 
with a 59-base nucleotide probe (15) based 
on the NH2-terminal amino acid sequence 
(Fig. lA,  position 2 to 21) of VEGF. 
Tnrenty hybridizing clones were identified 
in a libran of 1.5 x lo6 clones and two of 
these were sequenced for all the coding and 
for much of the noncoding regions. Their 
sequences were identical. The complete 
cDNA and corresponding protein sequence 
of one VEGF clone, bVEGF.6, is shown in 
Fig. 1A. This bovine VEGF cDNA clone 
co~ltai~ls an open reading frame of 190 
amino acids. The NH2-terminal amino acid 
sequence determined from the purified na- 
tive bovine VEGF is preceded by 26 amino 
acids beginning with a methionine. The 
DNA sequence C C G M C C  preceding the 
ATG codon encoding the methionine agrees 
well with the initiation site consensus se- 
quence (GCC)GC@CCATG in vertebrates 
(16). These 26 residues contain a hydropho- 
bic core of 16 anlino acids flanked by polar 
or charged residues indicative of a secretory 
signal sequence (7). The amino acid se- 
quence Ser-Gln-Ala at positions -3  to  - 1 
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