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Gamma linolenic acid (GLA) has been recently
hown to inhibit tumour-induced angiogenesis. The
resent study investigated the effects of GLA on the
UVEC-specific adhesion. After treatment with GLA,
UVECs decreased the amounts of Triton soluble and

nsoluble VE-cadherin and b-catenin and reduced
ube formation in matrix in a concentration-
ependent manner. An anti-VE-cadherin antibody dis-
ociated HUVECs’ colonies and exerted similar inhib-
tory effects on tube formation of HUVECs. These data
ndicate that the VE-cadherin/catenins complex is es-
ential for formation and maintenance of new capil-
aries. It is concluded, therefore, that GLA inhibits
umour-induced angiogenesis partly via the decrease
n the expression of VE-cadherin and b-catenin. © 1999

cademic Press

Gamma linolenic acid (GLA), is one member of the
-6 polyunsaturated fatty acid (PUFA) family. It has
een extensively studied for the past decade because of
ts reported anti-cancer effect in cancer cells (1-11).
ur recent work (12) has demonstrated that it also
as an inhibitory effect towards tumour-induced angio-
enesis.
Angiogenesis is a multistep process, in which there
ust be degradation of the extracellular matrix, mi-

ration and proliferation of vascular endothelial cells,
nd capillary formation with a new extracellular ma-
rix (13). Although our study (12) has shown that the
nhibitory effect of GLA is partly due to its reduction of

otility and migration of vascular endothelial cells,
he molecular mechanisms of the antiangiogenic effect
f GLA are still not clear.
Vascular endothelial (VE)-cadherin (14), a member

f the cadherin superfamily and also known as cad-

1 To whom correspondence should be addressed. Fax: 144 1222
61623. E-mail: Jiangw@cardiff ac.uk.
113
ocalises exclusively to the lateral junctions of intact
ndothelium. Its function is to maintain integrity of the
ndothelium and participate the creation of new capil-
aries (16-18). Like other members of cadherin family,
E-cadherin is involved in homophilic endothelial cell-

o-cell adhesion via its extracellular domain while its
ytoplasmic domains associates with the cytosolic pro-
eins b- and a-catenins. These, in turn, link to actin
ytoskeleton (19-21). Since VE-cadherin is important
n mediating intercellular adhesion in endothelium,
E-cadherin has thus been implicated as having a role

n regulating angiogenesis (22-24).
To better understand the molecular basis of inhibi-

ion of angogenesis by GLA, we have examined the
ffects of GLA on the VE-cadherin expression in hu-
an umbilical vascular endothelial cells (HUVECs).
e report here that GLA was seen to reduce VE-

adherin expression in HUVECs. Therefore, we pro-
ose that the decrease in expression of VE-cadherin by
LA provides an explanation for the inhibition of

umour-induced angiogenesis by GLA.

ATERIALS AND METHODS

Materials. Gamma linolenic acid (GLA) was purchased from
igma (Poole, Dorset, UK). GLA was initially dissolved in ethanol,
tored in liquid nitrogen, and diluted in culture medium immediately
efore use (ethanol final concentration ,0.01%). Monoclonal anti-
odies to VE-cadherin were from Pharmingen (USA). Rabbit purified
g to human b-catenin was from Sigma (Pool, Dorset, UK). Horse-
adish peroxidase-conjugated anti-mouse IgG, anti-rabbit IgG and
RITC-conjugated anti-mouse IgG were from Sigma (Pool, Dorset,
K). FITC-conjugated anti-rabbit IgG was from Santa Cruz biotech-
ology (Santa Cruz, CA, USA). All other materials were purchased
rom Sigma (Poole, Dorset, UK) unless otherwise stated.

Cell culture. Human umbilical vascular endothelial cells (HUVECs)
ere obtained from human umbilical vein and cultured in M199 with
0%-30% foetal calf serum (FCS) as previous described (25). The cells
ere always used within 3 passages.

VE-cadherin neutralisation. HUVECs were plated at 13104 cells/
ell in 24-well plates and incubated to form colonies. The anti-VE-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



cadherin antibody (2.5 mg/ml) and GLA (50 mM) were separately
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dded into some of wells for 24 hr. The resultant colonies were then
bserved under a light microscope (Leica Ltd, Cambridge, UK) and
hotographed.

Tube formation. Tube formation of endothelial cells was assessed
s previously reported by Kanayasu et al (26). HUVECs were seeded
t 53104 cells/well onto 0.5 ml of Matrigel (Collaborative Research,
edford, USA) in 24-well plates for 24 hr. The anti-VE-cadherin (2.5
g/ml) and GLA (50 mM) were added into some of wells separately or

n combination for further 24 hr The medium was then aspirated and
.5 ml of Matrigel was overlaid and the resultant cultures incubated
or 24 hr. The following day, the cultures were observed under a
hase contrast microscope and photographed.

VE-cadherin immunofluorescent staining. HUVECs were cul-
ured to reach confluence in 16 well chamber slides. Then GLA was
dded into some of wells for 24 hr. The cells were fixed with fresh 4%
ormaldehyde, 5% sucrose for 20 min and permeabilized with 0.05%
riton X-100 at room temperature for 5 min. After blocking with 10%
ilk, the cells were incubated with VE-cadherin antibody (1:125) at

oom temperature for 1 hr. These were followed by TRITC-
onjugated secondary antibody (1:1500) at room temperature for 1
r. Coverslips were mounted in 80% glycerol. The staining was
xamined with microscope equipped with epifluorescence (Leica
ambride Ltd, UK) and photogrophed (Elite II, 400; Kodak Ltd.,
ngland).

Western blotting. The HUVECs were plated at the same density
f 53104/ml in 25 cm2 flasks (Nunclon Inc., USA). The confluent
UVEC monolayers were treated with GLA (0-50 mM) for 24 hr. At

he end of culture, cells were subject to two extractions, in order to
btain Triton X-100-soluble (TX-sol) and insoluble (TX-insol) frac-
ions, as previously described by Lampugnani et al (19). HUVEC
onolayers were first extracted with 1 ml Triton lysis buffer [25 mM
ris, 150 mM NaCl (TBS), 1 mM PMSF, 0.5% Sodium Deoxychate,
.5% Sodium azide, 10 mM sodium orthovanadate (TBS with pro-
ease inhibitors), 1% Igepal CA-630 and 1% Triton X-100] at 4°C for
0 min with gently agitation. The total cell lysate was then collected
nd centrifuged at 13,000 rpm for 5 min. The supernatant was
ollected and referred to as the TX-sol fraction. The cell debris were
urther extracted with 1 ml SDS lysis buffer (the same as the Triton
ysis buffer except that it contained 1% SDS and 1% Igepal CA-630,
nd omitted Triton X100), at 4°C for 20 min. The extract buffer was
igorously pipetted, collected and centrifuged at 13000 rpm for 5
in. The supernatant was collected and defined as TX-insol fraction.
oth TX-sol and TX-insol fraction were mixed with equal volume of
lectrophoresis sample buffer (0.22 M Tris-HCl pH 6.7, 17% glycerol,
.2% SDS, 8% mercaptoethanol and 0.1% bromophenol blue), respec-
ively and boiled at 100°C for 5 min. These were either used imme-
iately or stored at 220°C until required. These proteins were loaded
t approximate 15 mg of TX-sol or 4 mg of TX-insol into each lane on
% SDS-PAGE gels, transferred onto nitrocellulose membrane.
hese membranes were then blocked with TBS-T buffer (25 mM
ris-HCl pH 7.5, 150 mM NaCl and 0.1% Tween-20) containing 10%
kimmed milk at room temperature for 30 min and probed with
ntibody to VE-cadherin (1:125), or to b-catenin (1:4000) in 3% milk
or 2 hr at room temperature. Then the membranes were incubated
ith horseradish peroxidase conjugated anti-mouse IgG (1:1500) or
nti-rabbit IgG (1:2000), followed by detection with enhanced chemi-
uminescence (ECL) system (KPL, USA).

ESULTS

Inhibition of vascular endothelial tube formation by
LA and VE-cadherin antibody. HUVECs, when cul-

ured between the Matrigel layers, were seen to form
ypical tube-like structurs after 24 h. Figure 1A shows
hat the lumen was composed of several endothelial
114
ells linked to each other. The effect of GLA and VE-
adherin antibody on tube formation were then tested
n this system. Figures 1B and 1C show that when the
ells were treated with GLA (50 mM) (1B) or VE-
adherin antibody (2.5 mg/ml) (1C), the tube formation
ecreased in comparison with control.

Dissociation of HUVEC colonies by GLA and VE-
adherin antibody. Figures 2A and 2C show photomi-
rographs of HUVECs exhibiting very tight colonies.
ollowing cultured with VE-cadherin antibody (2.5 mg/

FIG. 1. Tube formation of HUVECs between Matrigels after 24 h
t 37°C. (A) Control (normal); (B) HUVECs pretreated with GLA (50
M) for 24 h; (C) HUVECs pretreated with antibody to VE-cadherin

2.5 mg/ml) for 24 h.
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l) (Figure 2B) or GLA (50 mM) (Figure 2D) for 24 hr,
he resultant cell colonies were observed to both ex-
and in their area and loose the cell-to-cell contacts.
he effect of GLA appeared to be slightly weaker than
he antibody to VE-cadherin.

Decrease in immunofluorescent staining of VE-
adherin by GLA. Immunofluorescent labelling dem-
nstrated that VE-cadherin was localised at regions of
ascular endothelial cell-to-cell contact appearing as
ninterrupted fluorescent intercellular lines in the
onfluent HUVEC monolayers (Figure 3A). Figure 3B
hows that following GLA treatment (50 mM) for 24 hr,
E-cadherin fluorescent staining was seen to be mark-
dly reduced from the vascular endothelial cell-to-cell
ontacts.

Inhibition of VE-cadherin and b-catenin expression
n HUVECs by GLA. Our immunofluorescent result
ndicated that GLA induced a loss of VE-cadherin from
ascular endothelial lateral junctions. To further ex-
mine whether this effect of GLA on VE-cadherin and
-catenin was the result of either an alteration in ex-
ression or relocation of these molecules to the cy-
oskeletal portion, we extracted both Triton X-100 sol-

FIG. 2. Colony formation of HUVECs. HUVECs (A and C) were cu
ere treated with (B) GLA 50 mM or (D) antibody to VE-cadherin (
issociation of colonies.
115
ble (TX-sol) and SDS soluble (Triton insoluble) (TX-
nsol) proteins. HUVECs were incubated with GLA at
ange of concentrations (0-50 mM) for 24 hr. Both TX-
ol and -insol of HUVECs protein extractions were
hen separated on SDS-PAGE gels and immunoblotted
ith either VE-cadherin or b-catenin antibody. Figure
shows that the level of VE-cadherin gradually de-

reased in both TX-sol and insol fractions as the GLA
oncentration increased. b-catenin showed a similar
attern of reduction in both fractions, as seen with
E-cadherin (Figure 5).

ISCUSSION

This study shows that gamma linolenic acid, an n-6
olyunsaturated fatty acid, inhibited vascular endo-
helial cell tube formation, an effect that is in part
ttributed to the inhibition of VE-cadherin expression
n vascular endothelial cells.

During angiogenesis, vascular endothelial cells form
apillaries-a continuous endothelium lumen (13, 27-
9). In recent years it has been identified that vascular
ndothelial adherens junctions, the formation of which
s mediated VE-cadherin/catenins complex, play an im-

red to form colonies in complete medium as controls. Then these cells
mg/ml) for 24 h. Both GLA and antibody to VE-cadherin induced a
ltu
2.5
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ortant role in capillary tube formation (30-33). Bach
t al (34) have demonstrated that antibodies to VE-
adherin not only inhibit new capillary formation, but
lso induce disorganisation within the formed capillar-
es. These studies indicated that VE-cadherin is essen-
ial for the re-establishment and maintenance of vas-
ular endothelial cell-to-cell contacts. In our current
tudy, we also confirm that by neutralising VE-
adherin function using anti-VE-cad antibodies,
UVEC tube formation is inhibited and vascular en-
othelial cell-to-cell contacts is disorganised. The study
urther demonstrate the importance of VE-cadherin in
he lumen formation from the endothelial cells.

FIG. 3. Immunofluorescent staining of VE-cadherin. (A) Localiza
E-cadherin staining after GLA treatment at 50 mM for 24 h.
116
We have recently reported that GLA inhibits angio-
enic factor- and tumour-induced angiogenesis, which
s partly due to its inhibitory effect on motility of vas-
ular endothelial cells (9). In this study, we found that
LA not only inhibits HUVEC tube formation, but also

oosen endothelial cell-to-cell contacts, indicative of
eakened cell-cell adhesion mechanism. Based on the
nowledge of the angiogenic process (13), this study set
o further investigate the effects of GLA on VE-
adherin/catenin complex within endothelial cells. As
eported previously (35, 36), GLA up-regulates cad-
erins at a time- and concentration-dependent manner

n certain cancer cells. It is unexpected that in this

of VE-cadherin at cell-to-cell contacts of HUVECs. (B) Reduction of
tion
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E-cadherin staining at interendothelial cell-to-cell
ontacts by GLA treatment. In consistent with the
mmunofluorescent results, Western blotting showed
hat levels of VE-cadherin and b-catenin were inhib-
ted by GLA in concentration-dependent manner.

Although the exact mechanisms by which GLA me-
iates different expression of cadherins between can-
er cells and normal endothelial cells is not known and
eeds to be further investigated, several studies (37-
0) using GLA have shown that cancer cells and the
ormal counterpartners respond to GLA differently.
or example, GLA is toxic to cancer cells but not to the
ormal cells. It has been shown that cancer cells have
eficiency to convert GLA to down stream metabolites
41), which may be part of the mechanisms of the
ifferent responses to GLA in cancer and normal cells.
his is the first report showing that the expression of
ell-cell adhesion molecules of the cadherin family are
ifferentially regulated by GLA in a cell type-
ependent manner, i.e. VE-cadherin in normal cells
ecrease with GLA (as reported here) but E-cadherin
n cancer cells increase (35, 36). Our study further
emonstrated that the reduction of VE-cadherin and
-catenin is not the result of relocation into the cy-
oskeletal fraction, as both the Triton soluble and in-
oluble protein extractions revealed a similar reduc-
ion of both molecules.

In summary, this study shows that GLA inhibits
ngiogenesis by its inhibition on VE-cadherin/catenin
omplex expression of vascular endothelial cells. To-
ether with previous results referring GLA inhibitory
ffect on endothelial motility, the present data suggest
hat GLA inhibition on tumour-induced angiogenesis
as at least attributed to its inhibitory effects on en-
othelial cell motility and VE-cadherin/catenin com-
lex expression.

FIG. 4. Effect of GLA on the level of VE-cadherin in both Triton
100 soluble (TX-sol) and insoluble (SDS soluble) (TX-insol) frac-

ions from the HUVECs. VE-cadherin levels were seen to decrease
n both fractions following GLA treatment (0-50 mM) in a concen-
ration-dependent manner.
117
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