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Vascular permeabilily factor (VPF) is an inmor-
tant mediator of vascular development in Li-
mors, Some buman melanoma cell lines bhave «a

low VPF expression level in culture, but this level

is upregulaled when growiug as a Lumor fn nude
mice. Other melanoma lines have a constitntively

high VPE expression, To compare the bilological

bebhavior of Lumors with these Lo expression
patterns, a buman melanoma cell line with an
inducible VPE expression was transfectecd with

VPI expression constructs., In this way, several

Iines were oblained that constitutively produce
elther the soluble VPE . or the matrix-associ-
ated VPFE ., variant at levels of 4 (o 30 thmes Lhe
VPE level in maturve Ltumors derived from the pa-
rewtal line. The recombinant VPE RNA, which
lacks most of the 5 noncoding sequences present
in the endogenous VPE mBNA, was nuch more
efficiently translated than the endogenous mes-
senger. Upon Infection in nude wmice, all VPI-
transfected lines developed tumors with aberra-

tions In vascularization and in distribution of

malrix components. In these tumors the blood
vessels were byperpermeable for an iv, injected
protein tracer. Transfection did not influence the
in vitro growth rate of the cell lines, but the
tunmiors  from the VPFE-lransfected lines  Dad
higher growth rates o vivo than tumaors from the
parental line or the pector-transfected line, Al-
though the Incldence of lung melastasis was sim-
Har in all lines, the number of metastases per

affected lung was significantly increased in mice
carrying VPF-lyansfectant tumors, We conclude
that the pattern and the level of VPE expression
in a hwmor are fmportant determinanls of the
architecture and functionality of the vascular
bed, but that overexpression of VPE does nol
necessarily lead to an increase of microvascular
cdensity or melastatic spread. The role of VPF in
melanoma progression is obviously complex and
wmay be difficult to derive in its generalily front a
single experimental model.  (Am J Pathol 1996,
148:1203-1217)

Angiogenesis, the [ormation of now blood vessels
from existing vessels, is a process essential for tu-
mor growth. Tumors without a vascular bed co nol
grow beyond a diameter of 1 to 2 mm™." In addition,
lumor metastasis is dependent on angiogenesis, as
blood vessels provide the mosl importamnt escape
roule for disseminaling lumor cells.' = In recent stud-
s a correlation belween tumor vascularization and
melastatic risk bas indeed been damonstrated.”
Quigrowlh and malignant bahavior of a lumaor there-
fore 18 accompanied by rapid development of the
lumor vasculature, and, perhaps bocause of his,
lumer blood vessels ollen have a chaotic architec-
ture hasicles other characteristios that are distinet
from normal blood vessels (reviewed in refs. 9 and
10). The permeability of the tumor vasculature for
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macromolecules is often higher than in normal blood
vessels,® '° although this permeability differs signif-
icantly between various tumor types.'"' Vascular per-
meability has also been shown 1o be lower in tumor-
penetrating vessels than in a vascular plexus at the
tumor-host interface.'®'® Tumor blood vessels are
often prone to intravascular coagulation, leading to
deposition of fibrin and the occurrence of intravas-
cular thrombi."

The development of the tumor vascular bed is
thought 1o be mediated by a number of tumor-de-
rived angiogenic growth factors and cytokines (re-
viewed in refs. 2 and 15; see also refs. 16 and 17).
Among these factors, vascular permeability factor/
vascular endothelial growth factor (VPIR/VEGF) I8
gaining allention, as it has become clear that it is an
essential factor in tumor angiogenesis and tumaor
growth.'® 2 The main targets of VPF are endothelial
cells, which are almost the only cells expressing VPF
receptors.©1~=° The capacily of VPF to induce angio-
genesis is probably due to the induction of a variety
of functions in the endothelial cell, including proteo-
lytic activity, chemotaxis, and proliferation.?"?¢-2"
VPF may also be responsible for other characteris-
tics of the tumor vasculature, such as vascular hy-
perpermeability™®3° and intravascular coagulation
(via the induction of tissue factor expression on en-
dothelial cells®"). By enhancing tumor vessel perme-
ability, VPF may contribute indirectly to angiogene-
sis, as fibrinogen leaking from the vessels can form
an extravascular fibrin matrix serving as a substrale
for endothelial outgrowth.””

In a previous reporl we described that a human
melanoma cell line, Melb7, expressed low VPF meas-
senger and protein levels in culture, but contained
elevated levels of VPF mRNA after injection into nucde
mice and the formalion of a tumor.™ Hypoxia was
shown to be a likely medialor ol this VP upregula-
tion. The tumors from this melanoma line had a char-
acleristic vascular patlern, with blood vessels pene-
trating the tumor parenchyma in an apparently
random fashion, This melanoma line was engineerac
nto a line constitutively expressing VIPF by transfec-
ion. Xenogralted to nude mice, this line developed
into tumors with a vascular pattern distinct from pa-
rental line tumors; these tumors consisted of several
umor cell nodules devoid of blood vessels and sep-
arated by robust stromal septa very rich in blood
vessels.”

In the present study we have extended these find-
INgs by generaling a panel of VRF-translecled mel-
anoma lines expressing difllerent molecular variants
of VPF at different levels. The recombinant VPF RNA,
lacking most of the 5’ noncoding sequences of the

VPF gene, was lranslated into prolein much more
efficiently than the endogenous VPF messenger. We
show that the altered VPF expression pattern in-
creased the permeability of the tumor blood vessels
for macromolecules, the growth rate of the tumors in
vivo, and the metastatic burden in the lungs.

Materials and Methods
Cell Culture

The human melanoma cell ling Melb57 was cultured
as previously described.” Transfecled Mel57
cells were cultured in the same medium supple-
mented with 200 pwg/ml hygromycin B (Boehringer
Mannheim, Mannheim, Germany).

In Vitro Growth Assay

The growth of the Melb7 melanoma line and the
lransfectant lines was monitored using a non-radio-
active colorimetric assay based on a tetrazolium salt
reaction as described originally by Mosman.®® On
day 0, parental and transfected melanoma cells
were seeded in 96-well tissue culture plates at a
concentration of 500 cells/well in 100 ul culture me-
dium and allowed to adhere overnight. On day 1, the
colorimetric signal was determined in an enzyme-
linked immunosorbent assay (ELISA) reader to com-
pare the activity of the different cell types. In a num-
ber of wells, different amounts ol recombinant
human VPFNVEGF (Peprotech/Sanvertech, Breda,
The Netherlands) were added on day 3. Madium was
axchanged for fresh medium without additional VPF
on days 5 and 8. Colorimetric activity was followecd
until day 11. In the experiments in which VPF was
aclded, the resulls are expraessed as the mean valuo
1 S0 of four different readings. For the delaermination
of the i vitro growth curves, the mean valug + S0 of
24 dilferent measurements was calculated. For sta-
listical analysis a Student’s t-test for unpaired values
was used.

Production of Stable Transfectants

The protein coding regions of VPF,.,, and VPF,,,,
were obtained by reverse transcriplion polymerase
chain reaction on RNA from cell line U837 and weare
subsequently cloned into veclor pUC1T9, as de-
scribed elsewhere. ™ Aller sequence analysis, tho
inserls were recloned belween tha Xbal and Konl
sites of the plasmid EBOplLPP.* Plasmids witl
VPI ., and VPF,,, inserts, as well as the emply
vector, were linearized with Apal, and (the 7 1o 8 kb




fragments were isolated from low melting point aga-
'0se gel slices and were transf

ected into Melb7 cells
by calcium phosphate precipitation.?’ Transfected
clones were selected in medium with 200 pg/ml
hygromycin B, removed by scraping, and expanded
until analysis of the clones and storage of stocks in
liquid nitrogen was possible (see also ref. 33).

Analysis of VPF Expression on the RNA and
Protein Level

RNA from cell lines was isolated using guanidinium
chloride according to Peek et al,®" and RNA from
tumor xenograits was isolated by disruption in
guanidinium isothiocyanate and CsCl centrifuga-
tion, as described in Sambrook et al.”® Northern
analysis and hybridizations with VPF and ubiquitin
probes were performed as described earlier.”™ To
monitor VP protein secretion, cells were cultured
for 24 hours Iin serum-free medium lacking hygro-
mycin, containing 100 ug/ml heparin. Conditioned
media were cleared by centrifugation and used for
VPF protein analysis. To correct for differences in
cellular density, cells were scraped and lysed, and
the cellular protein content was determined with a
standard protein assay (Biorad, Veenendaal, The
Netherlands). Based on this protein determination,
samples of conditioned media derived from equal
amounts of cell material were taken and tested in a
procoagulant assay.” " Similarly, samples were
concentrated fivefold, run on sodium dodecyl sul-
ale polyacrylamide gel electrophoresis (SDS-
PAGE), and analyzed by Waestern blolling anc
staining with a polyclonal antiserum raised against
Escherichia coli-produced VP, as described else-
where. " Staining was visualized by chemilumines-
conce on X-ray film and guantitated by densilom-
elry, Levels of human VPEF protein in culture
supernatant were measured in an ELISA (R&D
systems, Inc., Minneapolis, MN), according Lo the
manufaclurer's spoecifications.

Xenografts from Line Mel57 and
Transfectants in Nude Mice

About 2.5 x 10" cells were injected s.c. into
BALB/C nu/nu mice as described in rel. 34, Every
waeek tumor volumes were estimated. Tumors of
hetween 300 and 1200 mm* were harvested and
cul into three fragments, One part was formalin-
fixad, stained with hematoxylin and eosin (H&E),
and used Lo study overall tumor morphology and o
assess Ihe percentage of necrosis. The other parts
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were snap-frozen in liquid nitrogen; one was used
for RNA isolations, the other to study the vascular
palterns, the organization of extracellular maltrix
components, and the spatial distribution of VPF
within the tumors (see below). To study vascular
morphology in the early stages of tumor develop-
ment, for some lines also smaller tuMors were
taken (within 1 week afler the occurrence of a
palpable tumor), snap-frozen, and stained immu-
nohistochemically. Acetone-fixed 4 um cryosec-
tions were stained with a rat monoclonal antibody
(Ab), MEC 7.46, diracted against mouse vascular
endothelium {(a gilt from Dr. A, Vecchi, Milano,
taly?™), a rabbit polyclonal Ab against mouse lami-
nin (a gift from Dr. J, van den Born, Department of
Nephrology, University Hospital Nijmegen), a goal
polyclonal Ab against (human) heparan-sulfate
proteaglycan (HSPG, a gift from Dr. L. van den
Heuvel, Department of Pediatrics, University Hos-
pital Nijmegen), or with a rabbit polyclonal Ab
against human VPF/VEGF (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA; Sanvertech, Breda, The
Netherlands). For visualization of the immune re-
actions, alkaline phosphatase-conjugated sec-
ondary Ab were used, excepl for the anti-HSPG
reaction, which was visualized using a peroxidase-
conjugated donkey anti-goat Ab. All sections were
counterstained with hematoxylin,

For the analysis of tumor vessel permeability, mice
bearing tumors with sizes between 100 and 700 mm®’
were i.v. injected with 0.1 ml of a 3% solution of
fluorescein isothiocyanate-boving serum albumin
(FITC-BSA) (11 mot FITC/mol BSA; Sigma, Brunsch-
wig, Amslerdam, The Netherlands). Tumors were ox-
cised 2, 10, or 45 minutes after the injection of tracer,
and snap-frozen in liquid nitrogen. Cryosections o
thase tumors, 4 um thick, were immediately fixed ir
2% formaldahyde solution for 10 minuwes. Tho distri-
bution of the tracer was shown by fluorescence mi-
croscopy. The deposition of extravasated fibrin was
analyzod in parallel acetong-fixed tumor seclions
with a goal polyclonal Ab against mouse fibrinogen/
[ibrin (Nordic Immunolagical Laboratories, Tithurg,
The Netherlands), using a peroxicase-conjugated
donkey anti-goal secondary Ab. Other parallel sec-
lions of these tumors were stained lor endothelium or
HSPG (see above).

a3

Metastasis of Transfectant Xenografts

To stucdy the growth rate of transfected xenografls,
and to eslimate the fraquency of metastasis and the
numbear of metastases per mouse, two VPF-lrans-
lecled lines (I-3 and lil-8), and one vectlor-trans-
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Figure 1. Exprossion of endogenous and recombinant VPF KNG by mclarnomer cell trecasfectanis, Novther blots containing KNA from coll lines (A)
or xenografls inowede mice (BY were hybridized with a VP probe (upper porlionsy cared wdth « ubiqeedtin probe (ower portions). Enclogenans Vi
MRNA i pisihle as maeltiple bends aronnd 3.7 kb in timor RNA ondy, and recombiviand VPE RNAUIS apperrent in VPI-transfected Hnes aned their tiemors
as o beindd of abont 1,0/ kD, Mel57: parenterd melanoma fine; I 12 lines transfected teith octonr DINGL ondyy TH-8: Dine transfected with VPE L ¢DNA,
-3, 1~8, 1-0, I-11: fines transfected with VPP, 3, cDNA Positions of iolecrlar neass stetitclerrds are inedicetodd an hoth sides

fected line (E2) were injected s.c. in 20 mice per described in ref. 34. Scoring was performed by three
group (4 X 10° cells/mouse). This regimen yielded a independent observers. The number of metastases
take rate of 100%. The tumor volume was monitored found in two cross sections of both lungs was deter-
weekly and calculated as the product of three per- mined and the metastatic burden calculated as the
hendicular measurements. Growth rates were plot- mean number of metastases per cross section. The
ed as the mean of 20 measurements £ SD. Mice metastatic frequency was defined as the number of
were sacrificed after 7 weeks, unless overt illness mice having one or more lung metastases divided by
developed or the tumor grew excessively. In these the number of mice in the group. For statistical anal-
cases (n = 11) mice were sacrificed al earlier time ysis a Student's t-test for unpaired values was used.

points. Melb7 tumor growth was determined by mea-

surements in a parallel group of 50 mice, where the
mice were sacrificed al dilferent time points after Results

lumor take. In this group, tumor volume was deter- Selection of Melanoma Cell Transfectants
mined at the time of tumor excision and expressed

as the mean value of measurements in 4 to 10 mice. Meldb7 is a melanoma line with a low level of VPF
The transfectant tumors were excised, weighed, and expression In culture, bul an elevated level when
divided in three parts for storage in liquid nilrogen growing as a tumor in nude mice. A transiectant of
and formalin (see above). Through the trachesa, the lhis ling, producing VPF,.,, constitutively, had quite a
lungs were filled with 1:4 diluled mounting solulion, different vascular paltern in mouse xenografls com-
taken out, and divided in three parts. Two parts were pared with the parental line tumors. ™ To determine
formalin-fixed, and cross sactions were HM&E-stained whaother the level of recombinant VP expression, or

and analyzed for the occurrence of motastases as the molecular variant expressad, is of inflluence on

Table 1.  Refutive Levels of Recombinant (recy VPR RN eoned Endogenous (end )b VPR mRNA in o F ransfocted 1 Motanonia
Lines in vivo, anel Predicted bpwession Teccls of VPE Protein in vivo,

Ling rec VP RNA in vivo ancl VPE mRNA jin vivo predicled VPR exprassion lovel
Melb7 1T {0.5-1.2) 1

E1 0.7 (0.6-0.4) ().7

=2 2.1 (0.7 3.8) 2.1

-1 0.19 (0. 15-0.25) 1.1 (0.9-1.2) 4. 9

-4 0.27 (Q.17-0.38) (.58 (0.5 -0.7) Hol

-3 0.82 (0.53-0.97) 0.47 (0.2 0.6) 1433

11-8 (.78 (Q.74-0.80) (.44 (0.3 (1.5) 1:3-32

VPE band intensitios altor Northern hybrtdizations ware: quantifiodd by densiomaotry. Vadues wore correctod Tor the sunonnt foadaed by
dividing the VR intensitios by the ubiguitin intensitiog, The avorages vidue for VPE mBANA caleatitad Tor Molb 7 tamors was daefined as 1. The
ranges ol values obiainod with differemt lumors from one line are cpven i paronthiosos, Estimatos of VB proten exprossion lovels n the
tmors were mada by congsidoring tho contribution rom encogenous VEE mNA and from rocombinant VIPE RNA m the tamors. ARSUMING
18- 1o 40-fold higher translation efficiency of tho lntter RNA. Tho prodictad VPR protein oxgrossion level in MolS7 tumors was delined as t



the arrangement and the functionality of the tumor
vasculature, we selected several other VPF,,,- and
VPF,ag-transfected melanoma lines.

The expression levels of the transfectants were
determined by Northern blotting. In RNA from the
VPF-transfected cell lines a band of approximately
1.0 kb was seen upon hybridization with a VPF
probe, representing the recombinant VPF RNA
(see Figure 1A). The highest levels of recombinant
VPF RNA were produced by lines 1-3 {expressing
VPF,.,, described befare in ref. 33) and 1lI-8 (ex-
pressing VPF,q,). Lines |-4, 1-9, and I-11 contained
lower but still detectable levels of VPF,,-encod-
ing recombinant VPF RNA (see also Table 1). The
major endogenous VPF transcript is 3.7 kb in
length, but this was undetectable in RNA from cell
ine Melb7 or its derivatives. Southern blots of
genomic DNA from transfected lines, digested
with Hindill, showed multiple bands upon hybrid-
ization with a VPF probe, in addition to the bands
deriving from the endogenous VPF gene (not
shown), Iindicating that multiple copies of the
transfected construct had been integrated.

To confirm that the recombinant VPF RNA levels
found in the lines described above correlate with the
amounts of active VPF protein secreted, condlitioned
serum-lrae media of these lines were harvested. The
supernatants were Western blolled and stained with
a polyclonal antiserum against VPR, In conditioned
media of the parental line Melb7 and the vector-
ransfected lines E1 and E2, no VPF protein could be
detected. Lines |-3 and -4, expressing the RNA
encoding recombinant VIPF,.,,, secreted deteclable
amounts of 16 and 20 kd proteins (Figure 2), being
the expected molecular masses of the nonglycosy-
aled and glycosylaled forms of VPF .,,.*" Line 111-8,
wpressing the BNA for recombinant VPF ., se-
croted the expected VPR protaing of a molocular
mass of 28 and 31 kd (Figure 2) but these proteins
needed heparin to be released from extracellular
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Figura 2. VIF pratetn expression by MelST transfectants. Proteins wer
concentrated fivefold from 10 mil dlieperats of serine-free conditioned
meddfer of miclentomer cofl transfoctends, clectropboresed vnrcer wdneing
coneitions, clectrablotted, (iud steined with o polyclonad antiserun
cdetins hegpren VOP, K2 fine traasfectedd with vector DN ondys T3, 14
lines tramsfected with VPP DNA, HES: line bansfected with VPR,
cON:LL Conditioned medien contained 10 ool heparin, Positions of
mofecrlar mess stenddeards arve indicedteed el the rinht.

matrix.*"* The relative amounts of glycosylaled and
nonglycosylated protein were determined by densi-
tometry of the Western blots. The absolute levels of
VPF protein were determined by ELISA (Table 2).
VPF, 5, appeared predominantly in the glycosylated
form. A significant amount of VPF,,, proved to be
nonglycosylated (Figure 2), although the intensity of
he VPF 4, signal might have exceeded the maximal
level. The ELISA analysis showed that the VPR-trans-
fected lines |-3 and |-4 secreted 30 to 50 times more
VPPF than the nontransfected lines BLM and MV3. A
trace of VPF was found in the Melb7 supernatant.
Unfortunately, the ELISA appeared o be insensitive
for VPF .. therefore, the VP levels of line 11-8 could
nol be measured. The reason for this ingensitivily is
unclear. Nonetheless, it could be derived from the
cdensitometry results that line 111-8 produced VP at a
much higher level than -3 or |-4, probably exceeding
a final concentration of 1 wg/mi under the test con-
citions, The biological aclivity of the recombinant
VI was lested in a procoagulant assay, measuring
(he capacily to induce lissue factor exprossion on
endothelial cells, No significant activily was prosent
in the conditionad media of Mael5s7 and conlrol trans-

Table 2.  Queniification of VPE Protein Levels in Conditienied Gultvire Medinm

L.ino Type of VPE axprassad
Mal 57
[«
-3 VPI .,
-4 VPP,
11-8 VP 0
B31.M VPE .., and VPF .,
MV VPF .., andt VIPE,

% glycosylation'

80
89
650

VPF concantration! (ng/ml supernatant)
(.20
0.0
320
380
Not dotectable”
Y6
7.2

10 il of serum e culture medivem contidning 100 ol heparin was conditionod on 2 =107 colls in o 150 '’ lagk for 84 hours,
WIPE protoin wits visudlizod by chomiluminoseance on Westorn blot, VIPE band inlensity altor auloradiography was measured on
densitomaeler. The figures reprasent thoe density of the band of glycosylatod VIPE exprassod as o percontage of total VPR signal in thal lane.

W protoin lovels wore measuract in o FLISA,
WII, could not boe dotectod in CLISA.
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fectants, but the lines that produced recombinant
VPF were all positive in this assay (not shown). The
highest tissue factor level was induced by condi-

lioned medium from line I-3. Although no VPF. go Was
detectable in the heparin-free conditioned medium

of line Il

VPI- activity
a significant increase in the tissue factor level.

-8 by Western blotting (not shown), sufficient

was present in this supernatant to cause

The Efficiency of Translation of Recombinant
VPF RNA

he eng
iINng seq
several

ogenous VPF mRNA has a 1 kb 5" noncod-
Jence in which a very GC-rich region and
alternative translational start sites are

nresent.” These features may inhibit the efficiency
of translation of the VPF mRBNA. The recombinant
VPF RNA lacks these sequences; only a stretch of 21
hases of the 5' noncoding sequence ol the VP~ gene
is contained in the recombinant RNA. The efficiency

of translatio

N of the recombinant VPF RNA in Meal57

transfectants was compared with that of the endog-
enous VPF messenger in melanoma line BLM, which

has a constitutively high VPF expression.=”

In transfectant cell
MRBNA was detectable; its level of recombinant

} pramialh.
ey

ne 1-9, no endogenous VP

VPE,.,-encoding RNA (1 kb) was aboul the same (in
molar ratio) as the level of endogenous VPF mRNA
in melanoma line BLM (3.7 kb, Figure 3A). The VPF

cl

MBRNA in i
predomina

ne BLM was previously shown to encode
ity VPF,,, along with some VPFg. ="

The VPF protein secreted by cell line BI.M was barely
deteclable
VPF,.,, and
kd), whereas the VPF,.,, bands produced by line |-9

D

ciently proc
-9 than from the endogenous VPF messenger in line

3

i

Ols revea

on Western blots (bands representing
VPF ¢, can be seen between 16 and 24

are clearly visible {(Figure 3B). Scanning of bands on
autoradiographs from several Northern and Western

ad that VPPF is 16- 1o 40-fold more effi-
uced from recombinant VPl RNA in line

LM. In estimaling the expression levels of recoms-

nant VPl

»

ow, and Tab

protein in lumors, we have taken this

gher efficiency of translation into account (see be-

e 1)

Expression of Recombinant VPF in
Xenografts

Vector-

nude mice,
isolated. Northern blolting of these RNAs showed [hat
recombinant VPF RNA was present in tumors from the

Transfected melanoma lines positive for recombinant
VP expression, as well as the parental line Mel57 and
ransfected lines E1 and E2, were injected into

and from the resulting tumors RNA was

>
BLM
9
v
BLM

Figure 3. ailysis of the relative transtation efficiency of recombinetir
VNS RN (A Northern Blot with RN fraom melenionia cell line BEAM
eoted fromm VPEG L -transfoectod cell line -9, hybricized with a VPE probe
(upper panei) and a nbhiguitin probe (lowar panel). fength merkers
are fndicaited an the lefl. (BY Sertan-free conditionod media contein-
fne 100 st beparin from melanome cell line BLM and transfectent
cell tine 1-9, were electrophoresed on SDS-PAGE under redncing con-
cditions, electroblotied, aned stained with polyctonel antiserinm apainst
VI hlocked before use with three voluumes of beat-denatured fetal calf
serem CFOSY o redice nonspecific backuround). Loaded were 285 wf
of e I-O-conditioned moediven Cas in Figure 2Y and 500wl of BLAT-
coneditioned medivnm Cderie wd‘/iwm S Hmes more cells than the Set e

Jrom fine -9, Molectilar meass standards cre indicated on the right

VP 5y Brennaels aore visible at 160 and 20 Rd; coll ine BLAM produces VPE
pcewvignnts of 1210 and 105 anvina acids, which are faintly visible oy
bardy heneven 20 and 10 kel

VP, .. -producing lines -3, 1-4, and I-11, and from the
VPF,aq-producing line (lI-8 (Figure 1, B). In these tu-
mors, as well as in the tumors tfrom vector-transfected
lines E1 and E2, the vector-encoded RNA for hygro-
mycin phosphotransferase was also slill expressed
(not shown}. Line I-9 produced only one small tumor
after the first series of four injections, and was nol
included in further experiments.

In all xenograits, the levels of endogenous VI
MRNA were increased, as expected.™ However, in
umors from Lthe lines expressing the highest levels ol
recombinant VP RNA (1-3 and 111-8), the levels of en-
dogenous VPF mRNA were aboul half of the level in
ine Mel57 tumors. This suggests that VPF might, pos-
sibly through inducing angiogenesis and preventing
hypoxia, inhibit the expression of its own gene in vivo.
The relative levels of recombinant VPF RNA and en-
dogenous VPF mRNA in the various translected cell
iN&s in viva are summarized in Table 1.

Extrapolation of the higher efficiency of VPF pro-
cduction from the recombinant VPF BRNA than from the
endogenous messenger (see above) o the in vivo
situalion suggests that the levels of recombinant ViRl
protein expressed by the VPE-transfecled tumors
greally exceed the VPF levels expressed by the pa-
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assay. All melanoma lines had growth rates compea
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rates for 1-3 and E2 at a serum concentration of 10%
(Figure 4a), but a slightly lower rate for -3 at 2%
serum (Figure 4b). VPF expression did not influence
growth in vitro in an autocrine way, since addition of
exogenous recombinant VPF protein did not alter the
growth rate of the Mel57 line (data not shown). Mare-
over, hybridization of Northern blots using probes for
murine it and fik-1 showed that transcripts coding for
these VPF receptors were not detectable in the cul-
tured melanoma cell lines {data not shown), suggest-
ing that functional VPF receplors were not present.
There was no overall relation beiween the growth
rates in vitro and tumor growth in vivo. Tumors from
ine 111-8 had a significantly higher growth rate in vivo
than E2 or Mel57 line tumors, both of which lines had
identical growth curves (Figure 4¢). Line 1-3 tumors
ad an intermediate growth rate.

The percenlages of tumor necrosis were deter-
mined from formalin-fixed and H&E-stained sec-
tions. No significant differences between the lines
were observed (data not shown). The patterns of
necrosis were rather variable; all lines producea
some tumors with extensive necrosis {(up to 60 to
80% of cross sections), while most lines (I-11, -4,
I11-8, E1, and E2) also developed tumors with low
necrosis percentages (10 to 40%). Although the
higher levels of VPF expression in the VPF-lrans-
fected lines caused faster tumor growth, this did
not result In a higher ratio of viable cells, which
might have been expected if the increased level of
VIPF had increased the density of tumor blood
vessels.

Immunohistological Analysis of
VPF-Transfected Melanomas

Staining of xenogralt sections from VPF-lransfected
ines with MEC 7.46 and with Ab against laminin or
15PG showed that all transfected tumors developed
(he aberrant vascular pattern and extracelivlar ma-
trix component distribution described previously,
(Figure 7)™

To study the dislribution of VPF in the melanoma
xenogralts, sections were stained with a polyclonal
anti-VPF Ab. In general, low staining intensities
were found, especially in control tumors (from lines
Melb7, E1, or £E2). Diffuse VPF staining throughout
the tumors was found in cross sections of line [-3,
-4, and 11-8 tumors, indicative of the fact that VPF
S expressed constitutively by these tumors. More
intense VPF staining was often seen in the stromal
compartments of VPF-transfected tumors (Figure
5, d and e) as well as of control tlumors (Figure 50).

VPF staining colocalized, in part, with endothelial
cells, confirming the finding that VPF accumulates
on tumor blood vessels, but it was also seen on
stromal cells that did not stain with the endothelial
marker (compare Figures 5b and bBc¢). Although
especially VPF, 5o has a high affinity for heparin,

VPF staining in t
variant, 111-8, or

Jmors from the line expressing this
‘rom other lines, did not colocalize

with HSPG staining (not shown).

Hypoxia was suggesied to be a cause for the
observed upregulation of VPF expression in Mel57
xenografts.”™® This hypothesis predicts that higher
levels of VIPF should be expressed around necrotic
areas in such tumors. In some sections of line Mel57,

=1, and E2 tumors, staining for VP was indeed most
intense in cells lining necrotic areas (Figure 5a),

suggesting an influence of hypoxia on the induction
of VPF expression in the control tumors. However,
there was not always an intense VPF staining seen

adiacent to necrosis, whereas in a very small line E1
y necrosis VPF staining was already
roma (Figure 5b). Therefore, tumor

turmor without ar
visibie in the st

necrosis appears to be neither necessary nor suffi-

cient for the induction of VPF expression, and mech-
anisms other than hypoxia must be involved in this
induction as well,

To test the expression of VPF protein in human
patient melanoma lesions, cryosections of primary
melanaoma and melanoma metastasis were stained
with polyclonal anti-VPF Ab. In all cases the pres-
ence of VPF could

varied conside
in two different

rab

oe detected, although the levels

y. Figure 6 shows VPF staining

metastatic lesions, Figure 6a shows

a pigmented lesion with a nodular growlh pattern
that contained a subpopulation of tumor cells that
stained intensely for VPF. A melastatic lesion with
a diffuse architecture showed diffuse positivity in
the turnaor cells and a marked staining of the vas-
cular bed (Figure 6b).

Examination of Vascular Permeability in the
Transfectant Xenografts

Since VPF is an inducer of vascular permeability,™
the permeability of the blood vessels for proteins

ransiected lines. -

may bhe enhanced in tumors derived from the VPF-
'his was tested by i.v. injections of
luorescein-conjugated albumin (FITC-BSA), and

subsequent examination of the tumors.

in tumors from line Mel57 or from vector-irans-

fected lines, 2 minutles and 10 minutes after injection
very little extravasation of tracer had occurred: fluo-
rescence was almost exclusively seen within the vas-
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Figure 5. Lovelization of VI peatedn v hiuniaes frong notrtrensfocted and treensfected melennnonue fives, Sections of temors qeere stained with o
polvelonel Al arti- VPR VEGE W@, D, and @) or with the anti-cadothelicd Ab ey, Famors weere from the following lines: (a0 MotST, parental fine: (b
et ©Y L serfed sectivns showving the same vegiosr of ao smedll Lgneor CES =0 008 ) stained for AP aned eadothelivm, respectivehes (dy £3, 1@y NS
Necrotie ervas e idrked i " Dolicate VPE stafniig i visibile fyoved, Thercfore, e regions stainiing for VPE are also meekod by arvowdoads. he ¢,
chdothelicd steining I marked by armowes, Asterisks jndicate nonendothbelial stromal steactioes ine peened € theat do stain for VUOE dn panel b,
Mogndfications: Q-G ennd @, = 2o o = 1

sular walls (Figure 7a). Aller 45 minules, howoever, ure 7¢). Still, the tracer was retained within parls of
small amounts of tracor had leakod rom the vessols lhe tumor cell mass rich in matrix protaing (Figure 7,
N the lumor mass, visiblo as short protrusions ¢) and 1, right side), which apparonlly lormod a line
coming oul of the vessels (Figure 7b). In all VPF- network of interstitial channels. In the control tumors
ranslected tumors, 2 minutes alter injection, tracoer o similar or even more extensive network of matrix
was found not only in the walls of what appeared to proleing was present (Figure 7d), but tracer leakagae
be lunctional blood vassels (Figure 71), hul parl of it was much less intense (see above). Thae conters of
was also found in the rest of the stromal sepla. Theso lhe tumaor nodules, poor in maltrix proteins, were nol
sopla, therefore, seemed (o contain channols con- reached by the prolein tracer (Figure 7¢), in accor-
necting the blood vessels. These channels partly dance with earlier reports on prolein leakage [rom
colocalized with encothelial cells, ancd thus they may lumor blood vessels. "' These data thus show hal
he part of the vascular syslom. Very exlensive loak- in VP-overproducing tumors protain leaks more ox-
age from the vascular system into the tumor mass lengively from the tumor vessels into the tumor cell
was evident 10 minutes and 45 minutes alter injec- compartment than in control tumaorg, and that the
ion, as tracor was not onty seen in the stromal com- distribution of the extravasated prolein in the tumor
partments rich in endolthelal colls, but had also narenchyma colocalizes with a network of extracel-
spread through parts of the tumor parenchyma (Fig- lular matnx.
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. Metastatic Properties of the Transfectant
. Xenografts

Because tumor angiogenesis Is believed to be es-
- . , sential for tumor growth and metastasis,’™ the al-
. . /_, tered vascular phenotype caused by a different VPF

. o ' expression pattern may also change the growth rate
) ' . , and the metastatic potential of the tumors. To test
' this, cells of the lines E2, 1-3, and 11-8 were injected
s.c. in groups of 20 mice each. The parental mela-
noma line Mel57 is of an earlier passage than all the
transfected lines at the time of injection, since the
latter lines have all been cloned and selected in
hygromycin-containing medium for a prolonged pe-
. | iod (see Materials and Methods). Therefore, vector-
' ”'J transfected line E2 is probably a better control in this

’ . ' experiment than parental cell line Mel57. Weekly
. “ measurements of the tumor volumes showed that the
. growth rates of the VPF-transfected xenografts were
, ‘ ' . significantly increased compared with that of the E2
| ine (see above, and Figure 4c). After 7 weeks, the
mice were sacrificed. Previous experiments had in-
dicated that the incidence of metastasis in tumors

| from the maternal line approached a value of 50% at

. . " ,r that time, so that this time schedule would allow an
Figure 6. Localization of VPE protein by besren fertionl meladnonid estimate of both an increase and a decrease in the

moetastasis {esions. Cryosections were sictined with a polvelonal driti- oo bmo «
VIR b, a: Pigmented (browny leston shoass focel intense intrescollterr metaslasis frequency. The tumors were excised and

staining (red) for VPF protein. be Lesion with a diffuse growth petier weighed and the numbers of lung metastases esti-
showes diffuse weak stafining for VOLR, whereas vascileer colls ere tioie mated. Table 3 shows that the VPF-transfected xe-

proaineatly stained, Magniftcation, X 100, o o
nografts have comparable densities but a signifi-

cantly higher weight than the control £2 tumors.
As a consequence of this higher vascular perme- Similar frequencies of metastasis were found, but the
ability, the formation of an extravascular fibrin matrix metastalic burden, ie, the number of metastases per
may be favored, facilitating the growth of new blood affected lung, was significantly higher in the VPF
vessels,”? or directing the patlern in which angio- ransiectants. A correlation between the number of
genesis takes place. Staining for fibrinogen/librin in matastases in a lung section and the size of the
cross sections of these tumors did not show signili- corresponding primary tumor was not found {not
cant differences in the distribution of fibrin, however. shown).

Fibrin staining was mosl intense in the vascular
walis, but some fibrin deposition was also visible as

slworl prot.rusu:ms from b!ood vassels In all types of Discussion

lumors (Figure 7, e and |). The network of extravas-

cular fibrin was certainly not more extensive in VPF- The aim of this study was to test whether a change
overproducing tumors. Apparently, extravasated fi- from an inducible to a constitutive VPF expression
brin was deposited close o the blood vessels, and pattern in melanoma cells affects the development of
protein leakage from tumor vessels was not rate- the tumor vascular bed, and if so, whether the level
limiting for the development of an extravascular fibrin of VPF exprassion influences the vascular patiern.
maltrix, This guestion was inspired by the observation lhal

b e gy g g p——. i e L Y Y e e 4 b e s e e e e e T T T L ARGy, guyS Sl - p— g e R e A — i ) ity i O PR PP — A A Spyy——— FE pp—

Figure 7. Loctkage of nmeacromuolecilar tracer frome Blood vossels aned deposition of extravasciter fthein, FUEG-labefod BSA was ie. injected in aice
beerivg dine AelS7 femors (@8 or fine =1 tumors U-1). Sections showwn in @ ane £ are from tumors removed 2 minntes afler injection;  aned ¢ shou
ttemors yemaored G5 niiuntes after infectton, Tracer was visuclfzed by flicovescence mifcroscope. Leakage of acer is indicated by arvaws (G-@1 Sovicd
sections correspronding with B, (-]} Sertal secttons coriesponeding wofth panel @. (¢ aned 0 Stetining with the anti-endaotbelicd b, showing the
distrthition of blood vossels, (d and VY stedning with conr aniti<LISPes Ab, showing the distribution of nateix pratetns. (@ and §Y Steeining with an
cntffibrinogensfibrin Ab, shoeving the deposition of Cextrarascutar) fibrin, Neciic areas are mared “u. " Magnificetion, X 106,
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Table 3. Biological b’c’hat’:m Of \c*m).gm/lx of VP~ or Vector- INMs/(’cfc’c/ M /(mumd Lines

— e g oy T ] N g v —r—VAy AANrAnd anindiny b

- — vy —— — - — .y v —— v e— vivw e i Ay -1l
AN RSl YU A VP - WOy S Al WL AGrA W Vb B AN B g § (D84 F Ay A VT AL P AR P AL Bt VTG A, ¢ CATa— WYY LY VAN v evere . . e, [EN TS v

arnr—..—

Tumor welght* (n) Tumor volume' ( ) Tumor density' (n) Metas allc |n(‘;ldt':mcr-s§ Metastatic burden" ( n)
E2 0.88 x 0.36 (17) 089'*‘044(17) 1.1 + 0.2 (17) 11/20 (55%) 31 + 2.8 (11)
-3 1.50 = 1.08 (14)  1.56 = 1.36 (14) 1.1+ 0.2 (16) 9/17 (53%) 8.0 * 10.8 (9)
-8 2.16 "'077(15) 231 ‘*'073(15) 09""01 ( 7) 8/18 (44%) 9.1 ..*:58 (8)

v~y — - e vaveiry AN A v e falr— PP AV T Ay Ty vy AT TR M A v - —r— WA TENT T

Py A L o Al PP T S ot} Pty iy

P d WV P TR

*Wenght (g) = 8D of lumors exclsed 7 weeks aﬂer moculation Statiqtical level of significance of the differance between lhe lumor

weight of E2 and 1-3, p < 0.02, and of E2 and [II-8, p <X 0.001.
volume (cm®) = SD of lumors measured 7 waeks arter Inoculation.

’ Densily (g/em?) == 8D of all measured tumors. |
¥ Number of cases with one or more lung metastases/total number of mice in the group.
| Mean :+ SD of the number of metastases counted in cross-sections of the lungs contalning tumor cells. In the [l1-8 group one case with

an excessive amount of metastases (~100) was omilted. Slatistical leval of significance of the dilference between the metastatic burden of
line E2 and -3, p < 0,08, and E2 and [1]-8, p < 0.01.

human melanoma lines differed in their pattern of to assume that the observed differences in tumor
VPF expression. Some lines, such as BLM, had a morphology and physiology are caused by unex-
constitutively high level of VPF expression, whereas pected genetic changes; they are much more likely
other melanoma lines with a somewhat different vas- to be caused by the experimentally intended
culature, such as Mel57, had a much lower expres- changes in the VPF expression pattern.
sion level of VPF in culture, which in vivo was upregu- The lines transfected with VPF expression con-
lated to the same level as that found in line BLM.?" structs indeed produced tumors with a strikingly dif-
By transfection of line Mel57, several lines with a high ferent vascular pattern from the parental line or vec-
basal level of VPF expression were obtained. These tor-transfected lines. The vascular pattern seen in
ines provided a model to test the influence of the tumors from the VPF-transfected lines was, unex-
VPF expression pattern in vivo. pectedly, also very different from that in other mela-
An intriguing observation using the transfectant noma lines constitutively expressing VPF, such as
lines in vitro was the higher efficiency of translation of BLM.?? This comparison is not quite appropriate,
the recombinant VPF RNA compared with that of the however, as VPF is probably not the only determinant
endogenous VPF mRNA. In the ' noncoding se- of the vascular phenotype. Furthermore, the VPF
guence of the endogenous VPF messenger, a GC- expression levels of the transfectant lines in vivo are
rich region is present as well as several AUG and presumably an order of magnitude higher than the
GUG alternative initiation codons.* Such features oxprossmn evel of line BLM.
have also been found in the 5’ noncoding region of The aberrant vascular phenotype induced by the
the PDGF-B chain transcript, where they have a pro- VPE-transiected lines in the present studies was not
found inhibitory effect on the translation efficien- dependent on the level of recombinant VPF expres-
cy. 1% The 5’ region of the recombinant VPF RNA sion. It should be noted, however, thal even in the
contained a vector-encoded SV40-derived leader line with the lowest expression level (I-11), VPF was
and only a 21 base stretch of the 5" noncoding probably slill overexpressed by a factor of 4 (0 9
sequence of the VPF gene. The higher translation compared with normal Melb7 xenogralls. Transfec-
eflliciency of this recombinant transcript indicates ant lines with even lower expression levels than line
(hat aiso in the 5" noncoding region of the VP mRNA -11 would have heen useful, but were difficult to
sequences are present that inhibit lranslation, identity by Northern blotting because of their ex-
When studying and interpreting the differences in tremely low levels of recombinant VPF RNA.
biological behavior incduced by the transfection of The vascular patlern in tumors from line [l|-8
VPF expression constructs, one should be aware of which expresses the heparin-binding VPF,,, vari-
unexpected genelic changes that can occur during ant, was nolt significantly different from the pattern
the transfection and selection procedure. Mutations in the tumors producing the diffusible variant
may vyield a selective advantage in vivo and cause VPF,..,. This indicates that this molecular variant is
heterogeneity of the tumor cell population. However, niologically active and that it must, at least in patrl,
both the vascular patterns, the vascular permeabil- he released [rom the producing cells. Proteases
ity, and the maltrix distribution were phenotypically such as plasmin may be present in the tumor
stable within the parental line Mel57, the vector- parenchyma, which can release a biologically ac-
transfected lines, and lhe various VPF-lransfocted live parl of VPF,,,,.""*
lines. Also, morphological helerogeneity within tu- It is difficult to give an explanation for the devel-

mors was rarely seen. Therefore, there is no reason opment of the aberrant vascular phenotype in the
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tumors from VPF-transfected lings. A suitable expla- latter model whether in vivo upregulation of VPE ex-
nation for the absence of lumor-penetrating vessels pression occurred. Because of this, the dilferences
In the VPF-overproducing tumors could be the ab- IN VPF expression in vivo belween transfected and
sence of a VPF concentration gradient that would non-transfected tumors were unknown. Therelore,
develop in control tumors as a result of hypoxia- further studies on the role of VPF in angiogenesis
induced VPF expression. However, the correlation and tumor vessel function are required.
between tumor necrosis and VPF slaining was not as immunostaining of human melanoma lesions
strong as might have been expected if hypoxia were showed that VI?F protein is expressed in palient ma-
the only inductive factor. Also, the fact that different lerial, Both nodular and diffuse growth pallerns were
vascular patterns had already evolved in very smal observed, which seemed to be accompanied by a
tumors from lines E1 and [-3, without any signs of cifferent staining pattern for VPF. However, the con-
necrosis, makes this hypothesis unlikely. sistence of this finding will have to be addressed in a
Varying degrees of extravascular fibrin deposition maore extensive sludy.
could influence the pallerns of neovascularization in The notion thatl the tumor vasculature is important
the tumors as well.”™* Although the permeability of the for metaslasis urged us to study the consequences
tumor vessels for proteins was, as expected, chron- of a change in vascular lype for the metaslatic po-
ically increased in the tumors producing recombi- tential of the tumors. The vector-transfected E2 line
nant VPE, it did not lead to a more extensive fibrin was used as a control, since the parental line Mel57
network in these tumors, Extravasated fibrinogen was of a lower passage at the time of injection into
may be quickly converted into fibrin and be depos- mice and had not undergone the transfection and
ited close to the blood vessels from which it origi- selection procedures, and theretore may not be a fair
nated. Furthermore, along with larger amounts of control line in these experiments. On the other hand,
extravasating fibrinogen, also larger amounts of unexpected events may have genetically altered line
plasminogen may leak from the vessels. This may be E2 (as discussed above). This possibilily is hard to
activated by plasminogen aclivators, which are verify, but it does limit the reliability of line E2 as &
probably expressed in increased amounts by endo- control in the metastasis experiment, Although the
thelial cells because of the action of VPF*" and VPF-transfecled xenogralts had increased growlh
which may also be expressed by the tumor cells. rates compared wilh the control, we could not dem-
Plasmin could then remove mosl of the deposited onstrate significant differences in the metastatic in-
ibrin. An enhanced aclivity of proleinases in the sidence betweoen these lines, ie, the percentage ol
lumors from VPE-transfected lines could also explain mice that had one or more metastases in the exams-
the low amounts of matrix proteins detected within ined lung sections. A remarkable finding was, how-
heir lumor cell nests. It is therefore ol great interest ever, that the number of maelastases per alfected
o investigate in fulure studies the presence and lung was considerably higher in mice carrying VPI--
distribution of specific proteases in these tumors. transfacted twmors than in the controls. 1L is unclear
Although changing VPE exprassion in a melanome at what stage of the rmulli-step procass of melaslasis
line from inducible lo conslitulive does change the lhis alfect is causad, A corralation wilh growth rate or
pallern of tumor vascularization qualilalively, he siza of the tumors was not found, but there mightl be
machanism by which VPF influences this patterm s a rofation with tho incroased vascular parmaoeability in
slill unclear. The delermination ol the vascular patl- the VRE-transfocted xenogralls,
tarn is clearly dependoent upon a number of param- The prosence of laminin and proteoglycans in the
aters that are not quite understood, of which VK- septa ol VPR-ovorproducing  maelanomas
exprassion s one. Inttially, we expecled thal overex- aLquO sled Lthat these matrix proteing act as a basal
pression of VF’F‘ would increase the number of tumaor membrane, (orming a bacrier belween tumor cells
blood vessels, a finding that wag very recently re- and the highly vascular stroma. Of course, the pres-
ported in a u,u*nor xenograll model of human breast ance of such a membrane may counteract moela-
carcinoma.”™ However, hecause ol the dramatic slalic spread and would hamper a “'lr‘ﬁi('jl"1lf(i'} 'ward
change in architeclure, I was impossible 1o estimale interprelalion of the fincdings oblainad in this slucly.

the density of functional blood vessels in the VPF-
ransfectant tumors. Flonce, our modal appears not
0 be a suilable system 1o test whothor the number of
tumor blooc‘ vessols is rate-limiting o the process ol
metastasis, in contrast o the dascribed breoast car- We are grateful lo Alex Hanssen for the assistance with
cinoma model. ™ However, it was not tesled in this animal experiments, 1o Dr. Annunciata Vecchi for pro-
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