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VEGF increases endothelial cell permeability and
rowth by a process requiring NOS activity. Because
NOS activity is regulated by its interaction with the
aveolar structural protein caveolin-1, we analyzed
EGF effects on structural interactions between
NOS, caveolin-1 and the VEGF receptor Flk-1/KDR.
onfocal immunolocalization analysis of the subcel-

ular distribution of Flk-1/KDR, caveolin-1 and eNOS
howed that VEGF stimulated the translocation of
ll three proteins into the nucleus. This result was
onfirmed by cell fractionation and immunoblotting
tudies showing that levels of all three proteins
ithin the caveolar compartment declined progres-

ively after 30 and 60 min of VEGF treatment. The
attern was reversed for nuclear fractions. Protein

evels were lowest in the control cultures, but in-
reased progressively after 30 and 60 min of treat-
ent. Nuclear translocation of eNOS and Flk-1/KDR
ithin caveolae may represent a mechanism for tar-
eting NO production to the nuclear compartment
here it could influence transcription factor
ctivation. © 1999 Academic Press

Vascular endothelial cell growth factor (VEGF) was
rst discovered as a tumor-secreted protein that induced
transient and reversible hyperpermeability (1). VEGF
as subsequently recognized as a potent mitogen that

timulates both growth and migration of vascular endo-
helial cells (2,3). VEGF acts on endothelial cells through
wo receptor tyrosine kinases known as Flk-1/KDR and
lt-1. Flk-1/KDR is involved primarily in signaling the

1 Corresponding author. Fax: 706-721-9799. E-mail: rcaldwel@
ail.mcg.edu.
Abbreviations: eNOS, endothelial nitric oxide synthase; NO, nitric

xide; VEGF, vascular endothelial growth factor, BRE, bovine reti-
al endothelial cells; BAE, bovine aorta endothelial cells; PDGF,
latelet derived growth factor; EGF, epidermal growth factor; bFGF,
asic fibroblast growth factor.
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opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
lt-1 is required for endothelial cell morphogenesis (4-10)
or review see (11). VEGF signaling is initiated by ligand-
nduced receptor autophosphorylation and tyrosine phos-
horylation of various cellular substrates, followed by a
ransient accumulation of intracellular Ca21 and inositol
,4,5-trisphosphate and tyrosine kinase-dependent acti-
ation of endothelial nitric oxide synthase (eNOS, 12).
NOS activity has been shown to be required for
EGF’s vascular growth promoting actions under ex-
erimental conditions in vivo and in vitro (13,14).
EGF’s effects in increasing permeability and produc-

ng vasorelaxation of isolated coronary arteries and in
nhancing permeability of subcutaneous vessels also
equire NOS activity (10,15). Recently, we have dem-
nstrated that VEGF increases the permeability of cul-
ured microvascular endothelial cells by stimulating
aveolae-mediated transyctotic transport in a NOS-
ependent process (16).
Caveolae are specialized membrane microdomains
hich appear as flask-shaped invaginations on the cell

urface of many cell types. They contain one of a family
f structural proteins called caveolins, as well as nu-
erous signaling proteins and a high cholesterol con-

ent. Caveolae were originally described as an intracel-
ular compartment involved in endocytotic and
ranscytotic transport, but now are recognized as hav-
ng the additional functions of 1) concentrating and
nternalizing small molecules by a process called poto-
ytosis and 2) serving as signal transduction organiz-
ng centers for segregating and concentrating mem-
rane receptors with downstream effectors (17-22).
ecause a significant portion of eNOS is localized to
aveolae, it is thought that NO signaling in endothelial
ells also occurs within the caveolar compartment (23-
6). Moreover, agonist-induced activation of eNOS in
orta endothelial cells has been found to involve
hanges in eNOS protein-protein interactions with
aveolin-1 (26,27).
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The caveolar compartment appears to serve in very
ifferent targeting and delivery capacities—including
oth transcellular and intracellular transport as well
s delivery of signaling molecules to their targets. The
elationship between these functions is not yet under-
tood, and considerable controversy exists concerning

FIG. 1. VEGF induces nuclear translocation of Flk-1/KDR, caveol
reated with VEGF (10ng/ml) for 0, 10, 30 min and double labeled w
,E,F) or eNOS (green in G,H,I) in combination with propidium iodi

o generate optical sections through the center of the nucleus in three
ontrol cells contain little labeling for Flk-1/KDR (A) or caveolin-1 (D
0 minutes of VEGF treatment, the nuclei contain large and small
E,F) and eNOS (H,I). (Bar 5 2 mm)
193
hether caveolae represent a static or mobile intracel-
ular compartment. While it is conceivable that differ-
nt subpopulations of caveolae may exist to subserve
he different transport and signaling functions, recent
tudies of mitogenic signaling molecules suggest that
ome signaling functions may also involve processes of

and eNOS. Cells prepared as described in the methods section were
antibodies against Flk-1/KDR (green in A,B,C), caveolin-1 (green in
(red) to stain the nuclei. Confocal microscope techniques were used
nes (x-y, x-z, y-z). This analysis showed that the nuclei of untreated

nd only weak, diffuse labeling for eNOS (G). However, after 10 and
sters of immunoreactivity (arrows) for Flk-1/KDR (B,C), caveolin-1
in-1
ith
de
pla
) a
clu
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eceptors for both PDGF and EGF are localized in
aveolae and both growth factors and receptors have
een shown to undergo translocation to the nucleus via
receptor-mediated endocytotic pathway (28,29). Nu-

lear translocation has also been observed for basic
broblast growth factor receptors which have not yet
hown to be localized in caveolae (30).
In our previous study of VEGF-induced permeability

ncreases in cultured endothelial cells, we found that
he VEGF receptor Flk-1/KDR colocalizes with endo-
helial NOS and the caveolar structural protein
aveolin-1 (16). Taken with the previous work indicat-
ng a role for the caveolar compartment in transducing
rowth factor receptor tyrosine kinase signals to the
ucleus, this suggests that the caveolar compartment

s also involved in transducing VEGF signals. In order
o test this concept, we have now determined VEGF
ffects on the subcellular distribution of Flk-1/KDR,
NOS and caveolin-1 by using immunolocalization and
ell fractionation methodologies. Here we demonstrate
hat VEGF induces the translocation of all three pro-
eins to the nucleus.

ATERIALS AND METHODS

Cell culture. These experiments were done using freshly isolated
ultures (passages 2-5) of bovine retinal endothelial (BRE) and bo-
ine aorta endothelial (BAE) cells. Retinal and aortic endothelial
ells were prepared from bovine vessels obtained as described pre-
iously (16,31,32).

Laser confocal microscopic analysis. Cells were plated sparsely
1 3 103/cm2) on glass chamber slides coated with collagen and
bronectin. The cultures were serum-deprived overnight and then
reated with VEGF (10 ng/ml, recombinant human VEGF165, R & D
ystems, Minneapolis, MN) for 0, 10, 30 or 60 min. After treatment
he cultures were processed for immunocytochemistry as described
16). Subcellular distribution of Flk-1/KDR, caveolin-1 and eNOS
ere analyzed by confocal immunofluorescence microscopy after la-
eling with monoclonal anti-eNOS, polyclonal anti-caveolin-1 (both
rom Transduction Laboratories, Lexington, KY) or monoclonal anti-
lk-1/KDR antibodies (Santa Cruz Biotechnology, Inc, Santa Cruz,
A). Primary antibodies were detected using Oregon Green- and
exas Red-labeled secondary antibodies (Molecular Probes, Eugene,
R). Control experiments in which the primary antibodies were
mitted were negative. For visualization of nuclei, cells were stained
ith propidium iodide (20 mg/ml, Molecular Probes).
A MultiProbe 2001 confocal laser scanning microscope (Molecular
ynamics, Sunnyvale, CA) fitted with a argon/krypton laser was
sed for the analysis. The microscope was configured for dual chan-
el fluorescent imaging with pinhole 200 mm, 488/568 nm excitation,
88/568 nm primary beamsplitter, 10% laser attenuation, 12-15 mil-
iwatt laser power. A 565 nm secondary beamsplitter passed fluores-
ent light emitted from organelles labeled with Texas Red or Pro-
idium Iodide to a photomultiplier tube fitted with 600 DF40 nm

mmunoblotting for the content of eNOS (A), caveolin-1 (B) and
lk-1/KDR (C). Shown are representative immunoblots (inset) and
ensitometric analysis of blots from three separate experiments
mean 6 S.E.).
FIG. 2. Effect of VEGF treatment on the amount of eNOS,
aveolin-1, and Flk-1/KDR in caveolar fractions. Cells were
reated with VEGF (10 ng/ml) for 0, 30 or 60 min, homogenized
nd fractionated as described in the legend to Figure 9. Caveolar
ractions were pooled, precipitated using TCA and analyzed by
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regon Green-labeled organelles was directed to a second photomul-
iplier tube fitted with a 530 DF30 nm band pass filter and simulta-
eously recorded. Fields of BRE cells were brought into focus using
40X/1.4 Plan Apo objective and 0.48 mm z-series sections were

ollected and analyzed with Image Space software v3.21 (Molecular
ynamics).

Cell fractionation. Cell fractionation studies were done using
onfluent BRE and BAE cell cultures which had been serum starved
vernight and then treated with VEGF (10ng/ml) for 0, 30 or 60 min.
aveolae membranes were isolated and characterized as described
reviously with minor modifications (33). All solutions used in the
solation were buffered at pH 7.5 (26). In addition, caveolar fractions
ere TCA precipitated prior to immunoblotting. For preparation of
uclear fractions, cultures were then washed 2 times with
hosphate-buffered saline containing 1 mM sodium orthovanadate
PBSV). Cells were harvested by scraping in PBSV and centrifuga-
ion at 500 3 g for 5 min. Cell pellets were then resuspended in
uffer containing 10 mM Tris HCl, pH 7.4, 3 mM CaCl2, 2 mM
gC12, 1mM sodium orthovanadate, and 1 mM phenylmethylsulfo-

yl fluoride (PMSF) and allowed to swell on ice for 20 min. Cells were
hen centrifuged at 500 3 g for 5 min and cell pellets were resus-
ended in the above buffer containing 0.5% Triton X-100 and again
llowed to swell on ice for another 20 min. Cells were broken by
omogenization using 30 strokes with a tight fitting Dounce homog-
nizer and very lightly sonicated. Nuclei were separated from other
ellular components by centrifugation through 350 mM sucrose in
ysis buffer cushion (500 3 g for 5 min). Nuclei were resuspended in
DS sample buffer and subjected to SDS-PAGE gel electrophoresis
nd Western blotting. Integrity and quality of the nuclear fractions
ere evaluated at each stage of the separation by microscopic anal-
sis of fraction samples. Fraction purity was assessed by immuno-
lotting with an anti-b 1,4 galactosyltransferase antibody and by
ssaying for acid phosphatase as markers for Golgi and lysosomal
ontamination, respectively.

ESULTS AND DISCUSSION

The 21-24 kDa integral membrane protein caveolin-1
s the principal protein component of endothelial cell
aveolae (34). Various mammalian cell types have been
hown to have 90% of caveolin-1 localized in caveolae
ith the remaining 10% being found in the Golgi ap-
aratus. Therefore redistribution of caveolin from the
lasma membrane to the cellular interior has been
sed by many researchers to study the caveolae-
ediated transport processes of endocytosis and trans-

ytosis (35-37). Our previous work has shown that
aveolae are involved in transcytotic transport in cul-
ured BRE cells. We also found that caveolin-1 co-
ocalizes with both Flk-1/KDR and eNOS, suggesting
hat VEGF signaling occurs within the caveolar com-
artment (16). In order to test this concept and exam-
ne the potential role of the caveolar compartment in
he VEGF signal transduction process, we have now
etermined VEGF effects on the subcellular distribu-
ion of Flk-1/KDR, caveolin-1 and eNOS by using two
ndependent techniques: confocal laser scanning mi-
roscopy and subcellular fractionation analysis.

We used confocal laser scanning microscopy and op-
ical sectioning techniques to ascertain whether or not
EGF causes the translocation of caveolin-1, Flk-1/
195
FIG. 3. Effect of VEGF treatment on the amount of eNOS,
aveolin-1 and Flk-1/KDR in nuclear fractions. Cells were treated with
EGF (10 ng/ml) for 0, 30 or 60 min, homogenized and fractionated as
escribed in the methods section. The nuclear fraction was analyzed by
mmunoblotting for the content of eNOS (A), caveolin-1 (B) and Flk-1/
DR (C). Shown are representative immunoblots (inset) and densito-
etric analysis of blots from three separate experiments (mean 6 S.E.).
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DR and eNOS into the nucleus. Cultured BRE cells
ere double labeled for either Flk-1/KDR, eNOS or

aveolin-1 in combination with propidium iodide to
ocalize the exact position of the cell nuclei. Then opti-
al slices were taken through the center of the nucleus.
mages taken through the x-y, x-z and y-z planes
howed that VEGF treatment caused translocation of
ll three proteins into the nucleus (Fig. 1). The nuclei of
he untreated control cells contained little labeling for
lk-1/KDR or caveolin-1 and weak, diffuse labeling for
NOS. However, after 10 and 30 minutes of VEGF
reatment, BRE cell nuclei contained large and small
lusters of immunoreactivity for Flk-1/KDR, caveolin-1
nd eNOS.
The imaging data strongly suggested that VEGF

ignaling involves the nuclear transport of Flk-1 and
NOS by caveolae. In order to confirm these results,
ell fractionation techniques were used to determine
he effects of VEGF treatment on the subcellular dis-
ribution of caveolin-1, eNOS and Flk-1/KDR. These
xperiments showed that following 30 and 60 min of
EGF treatment, amounts of all three proteins within

he caveolar fraction were reduced (Fig. 2). When a
imilar experiment was performed using nuclear frac-
ions isolated from VEGF-treated and untreated cells
his pattern was reversed. Immunoreactivity for all
hree proteins in the nuclear fractions was lowest in
he untreated control cultures, whereas immunoreac-
ivity within the nucleus increased progressively after
0 and 60 min of VEGF treatment (Fig. 3). In order to
ule out the possibility that these results could be due

FIG. 4. Nuclear fractions are free of Golgi contamination. Immu-
oblots were prepared as described in the methods section using
qual amounts of protein from whole cell lysates and nuclear frac-
ions and probed with an antibody against the Golgi apparatus
rotein b 1,4 galactosyltransferase. The whole cell lysate is strongly
ositive for b 1,4 galactosyltransferase, whereas the nuclear fraction
s negative.
196
rom the Golgi apparatus, control cell fractionation and
mmunoblotting experiments were done using antibod-
es against b 1,4 galactosyltransferase as a marker for
olgi proteins (Fig. 4). The nuclear fractions were neg-
tive for this protein. Parallel experiments performed
sing BAE cells showed results comparable with the
bove data for BRE cells. Thus, the nuclear transloca-
ion of Flk-1/KDR, caveolin-1 and eNOS appears to be

general feature of VEGF signaling in endothelial
ells.
Taken with our previous analyses showing the co-

ocalization of Flk-1/KDR and eNOS with caveolin-1
his demonstration that VEGF stimulation causes the
ranslocation of all three proteins into the nucleus sug-
ests that interactions among the three proteins have
n important role in the VEGF signal transduction
rocesses. A requirement for eNOS activity in signal-
ng VEGF’s effects on both angiogenic and permeabil-
ty enhancing responses has been well established in a
ariety of different experimental model systems
10,13-15). Our previous analyses have shown that
NOS activity is also required for VEGF’s effect in
ncreasing permeability of cultured BRE cells. Our ex-
eriments also have shown that VEGF causes in-
reased NO release by BRE cells in a process that is
otally blocked by inhibitors of either NOS or tyrosine
inase activity (38).
The involvement of the caveolar compartment in reg-

lating eNOS activity is well established. Subcellular
argeting of eNOS to caveolae is thought to influence
ignal transduction mechanisms by restricting NO sig-
aling to specific sites within the cell (23,24). Activity
f eNOS has been shown to depend on its transport in
aveole to a Golgi-associated, perinuclear subcellular
ompartment as well as on Ca21-calmodulin binding
23-25,39). Furthermore, recent work done by others
nd by us has shown that the activity of purified eNOS
s markedly and reversibly attenuated by its interac-
ion with caveolin (40-44), suggesting that caveolin
erves as a negative regulator of eNOS activity.
The caveolar compartment has also been implicated

n growth factor signal transduction processes. A vari-
ty of tyrosine kinase receptors and effector molecules
ave been shown to be localized in caveolae, including
he PDGF receptor, the EGF receptor, PI-3 kinase,
LCg and protein kinase C (45,46). Moreover, the
ranslocation to the nucleus via a receptor-mediated
ndocytotic pathway is a common feature in the
rowth-promoting effects of several angiogenic growth
actors, including angiogenin, PDGF, EGF abd basuc
bd acuduc FGF (47). Thus, we hypothesize that ligand
inding of VEGF receptors promotes VEGF receptor
nternalization within caveolae together with eNOS
nd translocation of both molecules to the nucleus.
ranslocation of eNOS to the nucleus within caveolae
ay represent a mechanism for targeting NO produc-
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ranscription factors and promote cell growth. NO has
een shown previously to induce the early growth re-
ponse gene, c-fos (48,49) and may affect other tran-
cription factors as well.
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