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Introduction

Abstract

Aim: Theroleof caveolin-1 (Cav-1) in angiogenesis remains poorly understood.
The endothelial nitric oxide (NO) synthase (eNOS), a cavedlin-interacting protein,
was demonstrated to play a predominant rolein vascular endothelial growth fac-
tor (VEGF) -induced angiogenesis. The purpose of our study was to examine the
role of Cav-1 and the eNOS complex in NO-mediated angiogenesis. M ethods:
Human umbilical vein endothdial cells (HUVEC) wereisolated and culturedin 3-D
fibrin gdstoform capillary-like tubules by VEGF stimulation. Theexpression of
Cav-1 and eNOS was detected by semiquantitative RT-PCR. The HUVEC were
treated with antisense oligonucleotides to downregul ate Cav-1 expression. Both
transduced and non-infected HUVEC were cultured in fibrin gelsin the presence
or absenceof VEGF (20 ng/mL) and N®-nitro-L-arginine methyl ester (L-NAME;
5mmol/L). NO was measured using aNO assay kit and capillary-liketubuleswere
guantified by tubul e formation index usngthelmage Jprogram. Results RT-PCR
analysisrevealed that Cav-1 levelssteadily increased in a time-dependent manner
and reached their maximum after 5 d of incubation, but there were no obvious
changesin eNOS mRNA expression in responseto VEGF in thefibrin ge modd.
VEGF (20 ng/mL) can promote NO production and the formation of capillary-like
tubules, and this promoting effect of VEGF was blocked by the addition of
L-NAME (5 mmoal/L). When transduced HUV EC with the antisense Cav-1 oligo-
nucleotides were plated in the fibrin gel's, the capillary-like tubul es were signifi-
cantly fewer than those of the non-infected cells. The capillary-liketubules forma-
tion and NO production of transduced HUVEC with the antisense Cav-1 oligo-
nucleotides cultured in fibrin gel's showed no responses to the addition of VEGF
(20 ng/mL) and L-NAME (5.0 mmoal/L). Conclusion: NO wasa critical angiogenic
mediator in thismodel. Cav-1 was essential for NO-mediated angiogenesisand
may be an important target of anti-angiogenesistherapy.

interacts with a number of signaling mol ecules, including
receptor and non-receptor tyrosine kinases, heterotrimeric

Caveolae are 50 to 100 nm non-clathrin-coated, flask-
shaped invaginations of the plasma membrane playing key
rolesin vesicular transport and signal transduction. The
structural protein of these plasmalemmal microdomains,
caveadlin, acts as a scaffold for many caveolar residents. A
large body of evidence supportsthe idea that caveolins
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G-protein o-subunits, endothelial nitric-oxide synthase
(eNOS) and proteinkinase C™. Domain mapping studies
revealedthat the interaction of caveolinswith these signal-
ing moleculesismediated by amembrane-proximal region of
the caveolins termed the “ caveolin scaffolding domain”
(residues82-101 in caveolin-1 [Cav-1]). TheCav-1isoform
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is particularly abundant in endothelial cells (EC) where it
regulates various functions including angiogenesis.

Angiogenesis is the process of generating new blood
vessels derived as extensions from the existing vascul ature.
Theprincipal cdlsinvolved are EC, which lineall blood ves-
sdls and congtitute virtually the entirety of capillaries. An-
giogenesisis essential for local tumour progression and the
development of distant metastasis. Tumour angiogenesis
involves the degradation of the basement membrane by ac-
tivated tissue or circulating endothelial precursors, migra-
tion of endothelial cells and coal escence into vascul ar tu-
bules?.

Theroleof Cav-1in angiogenesis hasonly been partially
defined. Brouet et al™® demonstrated that decreasing Cav-1
abundance was associated with augmented capillary
formation. Endothelial -specificexpression of Cav-1impaired
eNOSactivation, endothelia barrier function and angiogenic
responses to exogenous vascular endothelial growth factor
(VEGF)". Other research has shown that Cav-1 was essen-
tial for capillary formation but played different rolesdepend-
ing on the stage in the process of angiogenesis®.

Nitric oxide (NO) isahighly diffusibleintercellular sig-
naling molecule that mediates a number of actions, such as
vasodilatation, neurotransmission and immuneresponse. It
is generated by the enzyme nitric oxide synthase (NOS),
which catalyzes the conversion of L-arginineto L-citrulline.
NOS exigtsas 3isoforms: the cal cium-dependent endothelial
(eNQOS), neuronal (NNOS) and the cal cium-independent in-
ducible(iNOS).

Recently, eNOS, acaveolin-interacting protein, was dem-
onstrated to play a predominant rolein VEGF-induced an-
giogenesisand hyperpermeability!®”. Moreover, tumorsim-
planted on eNOS’ mice grew sower and exhibited reduced
angiogenesis®. A number of angiogenic factors upregul ate
the endothelial expression of NOS and stimulate the rel ease
of endothelium-derived NO**, NOisacritical mediator of
angiogenesis, although itsrolein tumor growth remains con-
troversial™. The aim of the present study was to investi-
gatetheroleof Cav-1 and the eNOS complex in NO-mediated
angiogenesis model ed by human umbilical vein endothelial
dls(HUVEC) infibringes.

Materials and methods

Cell isolation and culture HUVEC wereisolated from
umbilical cords obtained from our hospital. The procedures
were approved by the local authorities according to national
regulations. Each extremity of the umbilical vein was cannu-
lated and tightly maintained with string. Then theumbilical
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vein was flushed with 30 mL of warm Dulbecco’ s phosphate
buffered saline (PBS). 0.25% Trypsin (Hyclone, Logan, Utah,
USA) wasinjected at 1 end until mildly distended. After 8—
10 min incubation at 37 °C and 5% CO,, the cord was
unclamped and the cells were collected by washing the vein
with 20 mL of medium 199 (Gibco, Grand Idand, NY, USA).
The resultant endothelial cell suspenson was centrifuged at
1000 rpm for 6 min and the cell pellet wasresuspendedin 5
mL endothdial cell basal medium (EBM) (Gibco, USA) supple-
mented with 20% fetal bovineserum (FBS; Gibco, USA), 100
U/mL penicillin (Invitrogen, San Diego, CA, USA), 100 pg/
mL heparin and 50 pg/mL endothelial cell growth supple-
ment (ECGS; BD Biosciences, Bedford, MA, USA). This
suspension was seeded into a 25-cm? gel atin-coated culture
flask. The HUVEC were cultured at 37 °C and 95% air/5%
CO, and confirmed both by their characteristic cobblestone
morphology under phase-contrast microscopy and by posi-
tive direct immunofluorescence staining for von Willebrand
factor.

3-D angiogenesis assay in fibrin gels Human fibrino-
gen (20 mg/mL in PBS) wasdissolved in serum-free EBM to
a concentration of 2.0 mg/mL, supplemented with heparin
(200 pg/mL) and ECGS (50 pg/mL ); 6-well plateswere used
for the assay. The bottom of each well was first covered
with 1.0 mL of fibrinogen solution, and the clotting was in-
duced by the addition of thrombin (0.5 U/mL, Sigma, St Louis,
MO, USA). After 10 min of polymerization, ancther 1.0 mL of
fibrinogen solution containing about 3x10° HUVEC was
added. After the HUVEC were evenly distributed on the
surface of the gels, polymerization was induced as described
earlier. The geswere soaked in EBM medium containing
20% FBS, heparin (100 pg/mL) and ECGS (50 pg/mL) and
cultured for periods of up to 5 d in the presence or absence
of 5 mmol/L N®-nitro-L-arginine methyl ester (L-NAME;
Sigma, USA) and 20 ng/mL VEGF. Cultureswerepreincubated
for 30 min with vehicleor L-NAME before being exposed to
VEGE

Quantification of endothelial capillary tubulefor mation
HUVECI nfibrin gdsformed 3-D structures, which werecd led
tubule formation. The tubule formation index was deter-
mined by measuring the length of tubules (=30 pm) in ran-
dom fieldsfrom each well. Imageswere captured using an
Olympus I nverted Research Microscope (Olympus, Tokyo,
Japan) coupled to an Olympus C-5050 Zoom digital camera.
Images were prepared in Adobe Photoshop 7.0 (Adobe, San
José, CA, USA) and exportedto an image analysis software
package (Image J program, NIH, Bethesda, MD, USA) for
identification of endothelial cell tubule-like networks. The
total tubule length was derived for each of the 4 randomly
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chosen fields, and the total area of the culture surface cov-
ered by HUVEC was determined in the same fields. The
tubule formation index was calculated as theratio of thetotal
tubule length over the cell areafor each field, and a mean
tubule formation index value was obtained for each culture
wel [,

Cell treatment with antisense oligonucleotides Trans-
lation of Cav-1 mRNA wasinhibited using Cav-1 antisense
oligonucleotide(ASON),ATGTCCCTCCGAGTCTA, directed
againg nud eotides 20-36 of the open reading frame. Thenon-
sense oligonucleotide (NSON), ATGATGAGGAA-
CGACCGAACTGTGC, wasused as controlsto assess non-
specific effects of oligonucleotide treatments™®. Before
transfection, HUVEC were seeded at a density of 1x10°—
2x10° cdls/mL in 6-well plates. When cellswere 90%-95%
confluent, the500 pL of diluted DNA and Lipafectamine 2000
(Invitrogen, San Diego, CA, USA) mixturewasadded to each
well containing cellsand medium. HUVEC wereincubated at
37 °Cin a CO,incubator for 18-48 h prior to testing for
transgene expression by RT-PCR. Densitometric analysis of
the bands was performed by TANON GI S software (Shang-
hai Tanon Co, Shanghai, China) and indicated as the per-
centage inhibition with respect to Cav-1 levelsin untreated
HUVEC and Lipofectamine-trested HUVEC.

Semiquantitative RT-PCR analys's Fibringesweredis-
solvedwith 10xtrypsin EDTA for 5-10min tord ease HUVEC™,
and total RNA was isolated from HUVEC using TRIzol
(Invitrogen, USA) according to protocol. The concentra-
tion of RNA extracted was determined at wavel ength of 260
nm using Biophotometer (Eppendorf, Netheler-Hinz,
Hamburg, Germany). First-strand complementary DNA
(cDNA) were synthesized by the Reverse Transcription Sys-
tem (Promega, Madison, WI, USA). Total RNA (1 pg) was
reverse transcribed to first-strand cDNA in a20 pL mixture
containing 25 mmol/L MgCl, (4 L), reverse transcription
10xBuffer (2 pL), 10 mmol/L deoxyribonuclectide triphos-
phate (dNTP) mixture (2 pL), recombinant RNase inhibitor

Table 1. Primers sequences and PCR reaction conditions

(0.5 pL), avian myeloblastosis virus (AMV) reverse tran-
scriptase (15 U), and Oligo(dT) 5 primers (0.5 ug). Thereac-
tionswereincubated at 42 °C for 60 min, and then thesamples
wereheated at 95 °C for 5min. Cav-1and eNOS mRNA was
performed by the RT-PCR technique using a housekeeping
gene, GAPDH, asan internal standard. Thetotal reaction
volumewas 25 pL for PCR reaction, which was performed in
aDNA thermal cyder (MJResearch PTC200, Waltham, MA,
USA). Primer sequences and PCR reaction conditions are
shown in Table 1. The PCR samples, together with 22000 bp
DNA ladder, were analyzed by 1.5% agarose gel and visual-
ized by ethidium bromidestaining. Theintensity of thebands
was measured by densitometry, and the relative value of the
Cav-1 or eNOS band to the GAPDH band was calculated in
each sample.

NO assay Nitrite, astableend product of NO, was mea-
sured in the culture medium using the NO Colorimetric As-
say (Jiancheng Bio, Nanjing, China) according to the
manufacturer’ s protocol.

Data analysis and statistics Data are presented as
mean+SD. Statistical comparisons between the groupswere
performed using the Student’ st test or one-way ANOVA.
Differences among meanswere cons dered significant when
P<0.05.

Results

Cav-1and eNOS mRNA expression during thefor ma-
tion processof capillary-like tubules Thetime-dependent
formation of capillary-liketubulesof HUVEC infibringelsin
thepresenceof VEGF (20 ng/mL) isshownin Figurel. These
tubular structures first appeared after 1 d of incubation and
developed into awell-organized capillary-like network after
5dof incubation (Figure 1A). RT-PCR anaysisreveal ed that
Cav-1 levels steadily increased in atime-dependent manner
and reached their maximum after 5 d of incubation, but there
were no obvious changesin eNOS mRNA expression in re-

Gene Primer Products size Annealing/time Cycles

Cav-1 Upper 5'-GACTTTGAAGATGTGATTGC-3' 254 bp 58°/60 s 30
Lower 5'-AGATGGAATAGACACGGCTG -3'

eNOS Upper 5' - GCACAGGAAATGTTCACCTAC-3' 654 bp 55°/60 s 30
Lower 5'- CACGATGGTTACTTTGGCTAG-3'

GAPDH Upper 5'-GCCAAAAGGGTCATCATCTC-3' 286 bp 60°/60 s 30
Lower 5'-GTAGAGGCAGGGATGATGTTC-3'
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Figure 1. Photomicrographs of HUVECs cultured in fibrin gels from 1 day to 5 days in the presence of VEGF (20 ng/mL) (A).
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magnification x200. Alterations in Cav-1 and eNOS genes expression of HUVECSs cultured in fibrin gels from 1 day to 5 daysin the presence

of VEGF (20 ng/mL) were evaluated by RT-PCR (B and C). n=4. Mean+SD.

sponseto VEGF in thefibrin gd model (Figure 1B,C; n=4).

Effectsof NO on thefor mation of capillary-liketubules
by HUVEC Intheabsenceor presenceof VEGF (20 ng/mL),
HUVEC culturedin fibrin gelsfor 5 d exhibited classical cap-
illary-liketubules. But the addition of VEGF resulted in the
more extensive formation of capillary-liketubules. Thispro-
moting effect of VEGF on angiogenesis was almost com-
pletely blocked by the co-incubation with the NO synthesis
inhibitor L-NAME (Figure2A). Thetubule formation index
of HUVEC infibrin gelsisshown in Figure 2B (n=4).

NO production by HUVEC in fibrin gelsisshown in Fig-
ure2C (n=4). NO production was s gnificantly increased by
VEGFin HUVEC. Theaddition of L-NAME (5.0 mmal/L) to
the culture medium significantly attenuated nitrite accumu-
lation in responseto VEGF.

Therole of downregulated Cav-1 on the formation of
capillary-like tubules Tofurther examine the effect of Cav-1
on theformation of capillary-like tubulesof HUVEC in fibrin
gels, wenext used an antisense approach. Thelevd of Cav-
1 mRNA was reduced by 73% when HUVEC were infected
with the antisense Cav-1 oligonuclectides (Figure 3A).The
transduced HUVEC with ASON werethen plated in thefibrin
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3P>0.05 vs 1 d, 9P>0.05 vs 3 d,P<0.05 vs 1 d, °P<0.05 vs 3 d.

gels and incubated for 5 d; the capillary-like tubules were
significantly fewer than those of non-transduced contral cells
and transduced HUVEC with NSON (Figure3B,C; n=4).

Effectsof VEGFand L-NAM E on capillary-liketubule
formation and NO production of transduced HUVEC with
ASON infibrin gels In order toexaminetheroleof Cav-1in
theVEGF/NO-mediated angiogenesis, we cultured the trans-
duced HUVEC with ASON in fibrin gelsin the presence of
VEGF (20 ng/mL) and L-NAME (5.0 mmol/L) for 5d. The
tubule formation index and NO production were measured at
different times. The transduced HUVEC with ASON cul-
turedinfibrin gelsinthepresence of VEGF (20 ng/mL) and L-
NAME (5.0 mmoal/L) did nat alter the formation of the capil -
lary-liketubulesand NO production significantly (Figure4A,
B; n=4).

Discussion

Previous studies of the role of NO in the angiogenic re-
sponse have provided conflicting results. It has been re-
ported that the NO-donor compound sodium nitroprusside
(SNP) inhibited angiogenesisin the chick chorioallantoic
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VEGF VEGI+L-NAME
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NOx-(mmol/L)

VEGF VEGI+L-NAME
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Figure 2. HUVECs cultured for 5 days in three-dimensional fibrin gels in the absence or presence of VEGF (20 ng/mL) and L-NAME (5.0
mmol/L) formed capillary-like endothelial structures (A) (Original magnification x100). The tuber formation index (B) and NO release from
HUVEC (C) were also analyzed in the absence or presence of VEGF (20 ng/mL) and L-NAME (5.0 mmol/L). n=4. Mean+SD. 3P>0.05 vs

control, ®P<0.05 vs control, ®P<0.05 vs VEGF.

membrane and reduced vascular tubul e formation of HUVEC
grown on Matrigd!™®. On the other hand, NO isan endothe-
lial survival factor, inhibiting apoptosis™®, and increasing
endothelial cell proliferation!*” and migration™®. Further-
more, the vasodilator effects of NO may play arolein its
angiogenic effects. Thesestudiesindicate that NO isa criti-
cal pro-angiogenic factor. Inthe present study, HUVECina
3-D gel produced more NO and formed more capillary-like
tubules when stimulated by VEGF. The capillary tubulefor-
mation was abalished by the NOS antagonist L-NAME. Our
study showed that VEGF stimulated the endothelial € abo-
rate of NO, and NO wasacritical angiogenic mediator.

NO has been identified as a downstream mediator of vari-
ous growth factors initiating the angiogenic signaling cas-
cadein endothelial cells*. Cav-1isakey player in signal
transduction which regulates various functions including
transcytosis, permesability, vascular tone and angiogenesis®.
Therole of Cav-1in NO-mediated angiogenesis has only
been partially defined. The caveolin scaffolding domain
(CSD) could block NO-mediated vascular permeability®,

which is known as an early event in the process of angio-
genesis. Brouet and colleagues reported that the same CSD
peptides could block the NO-dependent angiogenesisin a
model of EC cultured on Matrigel™®. Our study shows that
the levels of Cav-1 mRNA in HUVEC expression increased
steadily from 1 to 5 d culture, and the maximum level of Cav-
1 expression occurred just prior tothe formation of extensive
capillary-liketubules. Furthermore, the downregulation of
Cav-1 expression, via an antisense approach, reduced the
number of capillary-liketubules significantly. Theseresults
support that Cav-1 plays an important positiverolein capil-
lary-liketubulesformation.

Caveolin is known to repress the catalytic activity of
various enzymes, and caveol ae are thought to facilitate and
amplify signaling cascades through the compartmentation
of receptors with their effectors/mediators®, a process
named “the caveolar paradox”?. eNOSisanchoredin part
to caveolae by cotrandational N-myristoylation and post-
trang ational palmitoylation®! and catalyzes the NADPH-
dependent production of NO in the process of converting L-
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Figure 3. Effect of antisense Cav-1 oligonucleotides against Cav-1 mRNA was evaluated by RT-PCR (A). The transduced or non-transduced
HUVEC cultured in fibrin gels for 5 days showed different capillary-like tubules (B), the capillary-like tubules of transduced HUVEC with ASON
were significantly fewer than those of non-transduced control cells and transduced HUVEC with NSON (C). n=4. Mean+SD. 2P>0.05 vs
control, °P<0.05 vs control, ®P<0.05 vs NSON HUVEC. Original magnification x100.

A 13 [ Control
1.6 + H VEGF
O VEGF+L-NAME

Tuber formation index

Time (days)

arginineto L-citrulline. Sotherole of Cav-1 in the process of
angiogenesisis associated with eNOS and NO production.
Therelationship between Cav-1 and eNOS and NO in the
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Figure 4. The capillary-like tubules for-
mation (A) and NO production (B) of trans-
duced HUVEC with the antisense Cav-1 oli-
gonucleotides cultured in fibrin gels showed
no responses to the addition of VEGF (20
ng/mL) and L-NAME (5.0 mmol/L). n=4.
Meant SD. #P>0.05 vs control. “P>0.05 vs
VEGF.

process of angiogenesis is still unknown. In the present
study, we show that NO production increased steadily dur-
ing the process of capillary-like tubulesformation. With the
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increase of NO production, the levels of Cav-1 mRNA in
HUVEC expresson increased steadily from 1 to 5d of culture.
Although VEGF augmentstheendathd il expresson of NOSand
stimulates the biosynthesis of NO from cultured HUV EC®9,
we did not see obvious changesin eNOS mRNA expression
inresponseto VEGF inthefibrin gd model. Theequilibrium
between eNOS bound to caveolin and caveolin-free eNOS
determinesthe basal component of eNOS-dependent NO re-
leasein EC. In addition, tonic repression of basal activity
and facilitation of agonist-evoked stimulation of eNOS are 2
apparently paradoxical tasksin the context of the caveolar/
eNOS interaction'®. Furthermore, NO interferes with the
integrity of Cav-1 scaffolding function and dissociates Cav-1
and the eNOS complex*?. These studies account for the
increase of NO production during the process of angio-
genesis. Our study showsthat Cav-1 plays asynergeticrole
with NOin VEGF-induced angiogenesis.

In the present study, we show that the capillary-like tu-
bules formation and NO production of transduced HUVEC
cultured in fibrin gels had no responses to the addition of
VEGF (20 ng/mL) and L-NAME (5.0 mmol/L). Our results
were quite different from some studies*®. Under different
conditions, theinteraction of Cav-1 with eNOS plays differ-
ent rolesin eNOS activity!™. Sonveaux et al™® demonstrated
that thelack of caveolin prevented thetime-dependent VEGF-
induced phosphorylation of extracellular signal-regulated ki-
nase (ERK) and that VVEGF-induced phosphorylation of eNOS
on Ser1177 and dephosphorylation on Thr495, both consid-
ered as hallmarks of eNOS activation, were abrogated in Cav”
EC, but notin Cav™”* EC. Cav-liscritical for VEGFand eNOS
activation, and both VEGF and eNOS play an important role
in NO-mediated angiogenesis. Our results further demon-
strate that Cav-1 is indispensable in VEGF/NO-mediated
angiogenesis.

In conclusion, our angiogenesis model suggeststhat NO
isacritical angiogenic mediator. InthisNO-mediated angio-
genesis, Cav-1 played an important positiverolein EC differ-
entiation and capillary-liketubulesformation. Cav-1liscriti-
cal for therole of VEGF and eNOSin NO-mediated angiogen-
esis and may be an important target of anti-angiogenesis
therapy.
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