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Caveolae are abundant in endothelial cells (ECs) in
situ but markedly diminished in cultured cells, mak-
ing it difficult to assess their role in cytokine signal-
ing. We report here that the human EC line EA.hy926
retains an abundant caveolar system in culture. Tu-
mor necrosis factor (INF) receptor 1 (INFR1/CD120a)
was enriched in caveolae and co-immunoprecipitated
with caveolin-1 from caveolae isolated from these
cells. To further investigate the role(s) of caveolae in
TNF signaling in ECs, cells were treated with methyl-
B-cyclodextrin to disrupt caveolae. Methyl-fB-cyclo-
dextrin did not alter total cell surface expression of
TNFR1 or TNF-induced degradation of IkBa, a mea-
sure of nuclear factor-kB activation, but it did inhibit
TNF-induced phosphorylation of Akt, a measure of
phosphatidylinositol-3 kinase activation. Serum-in-
duced phosphorylation of AKT was unaffected. Treat-
ment with TNF induced disappearance of TNFR1 from
caveolae and dissociation from caveolin-1 within 5
minutes. In contrast to transferrin receptor, internal-
ized TNFR1 did not co-localize with clathrin, except
possibly in the Golgi, at any time point examined. By
60 minutes of treatment with TNF, TNFR1 appeared in
endosomes. We conclude that caveolae function in ECs
to allow TNFRT1 to activate phosphatidylinositol-3 kinase
and Akt, perhaps through receptor cross talk, and that
ligand-induced internalization and trafficking of TNFR1
to endosomes may originate directly from this compart-
ment. (Am_J Pathol 2005, 166:1273-1282)

Tumor necrosis factor (TNF, sometimes designated
TNF-a) is a pleiotropic cytokine, produced predominantly

by activated macrophages and T lymphocytes, that trig-
gers a broad spectrum of proinflammatory responses.?>
Vascular endothelial cells (ECs) are a primary cellular
target for TNF actions.* Two different surface TNF recep-
tors, TNFR1 (p55-TNFR, CD120a) and TNFR2 (p75-
TNFR, CD120b), which independently bind the trimeric
TNF molecule with similar affinities, have been identified.
Although both receptors are present in cultured human
umbilical vein ECs (HUVECSs), quiescent ECs in situ may
express only TNFR1.° In culture and in situ most TNFR1
molecules in ECs are located in the Golgi apparatus,®
although only plasmalemmal receptors appear to signal
as assessed by ligand-induced recruitment of the cyto-
solic TNFR-associated death domain (TRADD) adaptor
protein.® TRADD interacts with the intracytoplasmic
death domain of ligand-occupied TNFR1 through its own
death domain and receptor-associated TRADD initiates
assembly of a multiprotein protein complex (the signalo-
some) that activates downstream signaling pathways.
Specifically, TRADD recruits both TNF-receptor-associ-
ated factor 2 (TRAF2) and receptor-interacting protein,
leading to nuclear factor (NF)-kB and c-Jun N-terminal
kinase activation, and ultimately in transactivation of
genes that encode proteins that are proinflammatory and
anti-apoptotic/cytoprotective. The signalosome is rapidly
internalized and receptor internalization may actually be
required for signal initiation by this pathway.”-®
Although TNF signaling is initiated by TRADD recruit-
ment at the plasma membrane, it is important to consider
that the plasma membrane is not homogenous. Specifi-
cally, the plasmalemma typically contains numerous
small lipid patches enriched for cholesterol and glyco-
sphingolipids, commonly referred to as lipid rafts. Lipid
rafts may function to bring different proteins into proximity
and thus promote interactions between receptors and
signaling proteins and among different signaling recep-
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tors.® In certain cell types, plasmalemmal lipid rafts can
be stably clustered and organized by a scaffolding com-
posed of the intracytoplasmic cholesterol-binding pro-
teins caveolin-1,-2, or (in muscle cells) -3 into 50- to
100-nm flask-shaped invaginations called caveolae.
These organelles were originally discovered in the early
1950s by electron microscopic analysis of vascular
ECs'? and of bladder epithelium."" Caveolae have since
been observed in many cell types although adipocytes,
fibroblasts, smooth and striated muscle cells, and ECs
show the greatest abundance. Caveolae function to per-
mit transcytosis of macromolecules across an EC barrier
such as that found in brain capillaries. More recently, it
has been appreciated that caveolae may also play a key
role in cell signaling. This is because caveolins, espe-
cially caveolin-1, can bind to many types of plasma mem-
brane receptor proteins and concentrate these mole-
cules within the caveolae.' This clustering of disparate
receptor types further facilitates receptor cross talk, al-
lowing one type of ligand-occupied receptor to activate
the downstream signaling pathways normally initiated by
a different receptor type.''® In other words, in addition
to their role in transcytosis, caveolae appear to function
as highly efficient lipid rafts.

The role of caveolae in TNF receptor signaling is primarily
unexplored. It has been reported that TNFR1-induced cell
death signals originate in caveolae-like domains within a
macrophage-like cell type that does not have true caveo-
lae.™ In cells lacking caveolae, isolated lipid rafts could
perform similar functions, albeit with lesser efficiency. It is
therefore relevant to note that in several tumor cell lines,
which may or may not form caveolae, disruption of lipid
rafts by extraction of cholesterol with methyl-B-cyclodex-
trin (MBCD) can reduce NF-«B activation.'® The basis of
this effect is not known because the TRADD-activated
signaling pathway does not appear to involve other re-
ceptors or membrane-bound adaptor proteins. In other
words, the proximity effects provided by lipid rafts would
not be expected to influence the activation of NF-«B via
the signalosome pathway. We and others have shown that
TNF treatment can also activate phosphatidylinositol-3 ki-
nase (PI3K)'®~° and its downstream effector Akt/protein
kinase B. In certain cell types, TNF may activate NF-«B by
an alternative pathway that involves PI3K and Akt,?*2?" by-
passing the signalosome. In cultured HUVECs the activa-
tion of PI3K is mediated, at least in part, through TNFR1"”
but the PISK pathway does not contribute to the activation of
NF-«B. Itis unknown how TNFR1 actually activates the PISK
pathway, because TNFR1 and PI3K do not appear to inter-
act directly. It has been proposed that TNF may activate
PI3K via generation of sphingosine-1 phosphate, presum-
ably acting via a G protein-coupled Edg receptor path-
way.'® Recently, it has been shown that TNF binding to
TNFR2 can activate the PISK pathway in some cells through
partial activation of the vascular endothelial growth factor
receptor 2, an example of receptor cross talk mediated by
the cytosolic enzyme endothelial/epithelial cell tyrosine ki-
nase 1 (Etk-1).22 We wondered if TNFR1 could also activate
PI3K via receptor cross talk, and more specifically, if this
process might occur within caveolae (or other lipid rafts) of
human ECs. Although HUVECs are the most widely used

model to study EC signaling, they are not appropriate in this
case because these cells lose expression of caveolae in a
matter of days in culture (A. D'Alessio and J.S. Pober,
unpublished observations).?®> We therefore turned to a dif-
ferent model, namely the EA.hy926 cell line, formed by
fusion of HUVECs with the human lung carcinoma cell line
AB49, which retains EC-like responses to TNF, and, as
reported here, displays an extensive caveolar system. We
show that in this EC line, TNFR1 interacts with caveolin-1
and preferentially localizes to caveolae. Moreover, disrup-
tion of caveolae/lipid rafts with MBCD inhibits activation of
PIBK, but not NF-«kB signaling. We also show that TNF
causes rapid migration of TNFR1 out of caveolae, eventu-
ally concentrating within endosomes without apparent in-
volvement of clathrin-coated pits or vesicles. These results
suggest that caveolae may play two distinct roles in TNF
signaling in ECs, serving both to foster receptor cross talk
(for activation of PI3K) and as a site for initiating ligand-
induced receptor internalization.

Materials and Methods

Cell Culture

The human-derived EA.hy926 EC line®** (provided by Dr.
W. Sessa, Yale University, New Haven, CT) was maintained
in Dulbecco’s modified Eagle’s medium (Life Technologies,
Inc., Gaithersburg, MD) containing 10% (v/v) fetal calf se-
rum, 2% (w/v) hypoxanthine/aminopterin/thymidine (Sigma,
St. Louis, MO), 200 wmol/L L-glutamine, 100 U/ml penicillin/
streptomycin (Life Technologies) at 37°C in a 5% CO.-
humidified atmosphere. Experiments were performed on
cells grown to confluence.

Reagents and Antibodies

Hypoxanthine/aminopterin/thymidine, MES hydrate, and
horseradish peroxidase (HRP) cholera toxin subunit B
(CTxB) were from Sigma (St. Louis, MO). Mouse anti-
transferrin receptor and Alexa Fluor-conjugated second-
ary antibodies were all from Molecular Probes (Eugene,
OR). Recombinant human TNF-a and goat anti-human
TNFR1 antibody were purchased from R&D Systems Inc.
(Minneapolis, MN). IgG,, mouse anti-TNFR1 (H5) and goat
anti-clathrin HC (C-20) antibodies were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Rabbit polyclonal
anti-caveolin, mouse monoclonal anti-caveolin-1, anti-
EEA1, anti-transferrin receptor, and mouse anti-Rab5 anti-
bodies were from BD Transduction Laboratories (Lexington,
KY). Anti-phospho-Akt (Ser473) antibody was from Cell Sig-
naling Technology (Beverly, MA). Horseradish peroxidase
goat anti-mouse 1gG,,, antibody was from Southern Bio-
technology (Birmingham, AL). Other HRP-conjugated sec-
ondary antibodies were from Jackson ImmunoResearch
Laboratories (West Grove, PA). Enhanced chemilumines-
cence was from Pierce (Rockford, IL). All other chemicals
were from Sigma. An enzyme-linked immunosorbent assay
kit for sSTNFR1 was purchased from R&D Systems Inc.



Confocal Indirect Immunofluorescence
Microscopy

For immunofluorescence analysis, EA.hy926 cells were
grown on 12-mm microscope glass coverslips (Fisher
Scientific, Pittsburgh, PA) in 24-well plates. Cells grown to
confluence were treated with 10 ng/ml of TNF for the
indicated time or left untreated as a control. At the con-
clusion of the incubation period, free cytokine was re-
moved by washing twice with phosphate-buffered saline
(PBS) and cells were fixed with 4% paraformaldehyde for
15 minutes at room temperature and subsequently per-
meabilized by the addition of 0.2% Triton X-100 for 5
minutes at room temperature. A further blocking step was
performed before antibody staining by incubating fixed
cells with a buffer containing 1% bovine serum albumin
(BSA) and 5% appropriate serum 1 hour at room temper-
ature. Immunostainings were performed by incubating
cells with indicated primary antibodies overnight at 4°C in
a buffer containing 1% BSA and 5% serum. Detection of
bound primary antibody was visualized by the addition of
specific Alexa Fluor 488- or 594-conjugated secondary
antibodies for 30 minutes at room temperature. For trans-
ferrin receptor and caveolin immunostaining the cells
were washed with PBS, fixed in 4% paraformaldehyde,
and then immunostained as indicated above. All of the
images were collected with the Zeiss LSM510 confocal
laser-scanning microscopy.

Transmission Electron Microscopy

For transmission electron microscopy, EA.hy926 cells
were fixed in 4% formaldehyde, washed three times in 0.1
mol/L PIPES buffer (pH 7.5), postfixed in 1% osmium
ferrocyanide in 0.1 mol/L PIPES buffer for 1 hour at room
temperature, stained with 2% uranyl acetate, dehydrated
in an ascending series of ethanol solutions, and embed-
ded in Spurr’'s epoxy resin. Sections (40 to 50 nm) were
stained with uranyl acetate and lead citrate and viewed in
a Phillips CM 100 electron microscope at an accelerating
voltage of 80 kV.

Immunoelectron Microscopy

For immunoelectron microscopic examination of sucrose
gradient fractions prepared from EA.hy926 cells (see
below), samples were absorbed on glow-discharged car-
bon-coated film grids, excess sample was blotted off on
a filter paper and the grids was floated on a small drop
(5 wl) of blocking buffer consisting of 10% fetal calf serum
in 0.1 mol/L Tris-buffered saline, pH 7.5, for 10 minutes at
room temperature. Excess blocking buffer was blotted off
and the grids were floated on 5 ul of mouse monoclonal
anti-TNFR1 (1:5 dilution in blocking buffer, 100 wg/ml)
and rabbit polyclonal anti-caveolin (1:5 dilution in block-
ing buffer, 50 uwg/ml) for 30 minutes at room temperature.
Grids were then rinsed on several drops of Tris-buffered
saline and incubated with 10-nm gold for TNFR1 and
5-nm gold for caveolin (British Biocell, Cardiff, UK) di-
luted 1:100 for 30 minutes at room temperature. After
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several washes in Milli-Q water, grids were negatively
stained in 2% phosphotungstic acid, pH 6.8, for 30 sec-
onds and allowed to dry before viewing on a Phillip CM
100 electron microscope at accelerating voltage of 80 kV.

MBCD Treatments

To analyze the effects of MBCD extraction on cell frac-
tionation, EA.hy926 cells were treated with MBCD at 2.5
or 5 mmol/L for 30 minutes, fractionated by sucrose den-
sity gradient as described below, and analyzed by so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) and immunoblotting with TNFR1 and
caveolin-1 antibodies. To analyze the effects of MBCD on
cell signaling, EA.hy926 cells, grown on six-well plates,
were subjected to serum reduction by incubating in the
presence of 0.2% BSA in Dulbecco’s modified Eagle’s
medium containing 2% (w/v), hypoxanthine/aminopterin/
thymidine, 200 umol/L L-glutamine, 100 U/ml penicillin/
streptomycin (Life Technologies, Gaithersburg, MD) at
37°C in a 5% CO, humidified atmosphere for 18 to 22
hours. Cells were washed twice with prewarmed Hanks’
balanced salt solution (HBSS) (Life Technologies), and
incubated with 5 mmol/L MBCD for 30 minutes or with
medium without MBCD, as a control group. An additional
incubation was performed in the presence of 10 ng/ml of
TNF for different times or for 30 minutes at various TNF
concentrations. Cells were washed twice with ice-cold
PBS, extracted in lysis buffer, and analyzed by SDS-
PAGE and immunoblotting for phospho-Akt (Ser473) or
for IkBa as described below. To analyze the effects of
MBCD extraction on cell architecture, EA.hy926 cells
were treated with MBCD at 5 mmol/L for 30 minutes and
then prepared for confocal immunofluorescence or trans-
mission electron microscopy as described above.

Isolation of Caveolin-Enriched Membranes

Purification of caveolae-enriched membrane fractions
was performed as described?® with minor modifications.
In brief, EA.hy926 cells were treated with 10 ng/ml of TNF
for the indicated time point, washed twice with ice-cold
Dulbecco’s phosphate-buffered saline, and scraped into
1 ml of 25 mmol/L MES hydrate buffer, pH 6.5, containing
0.15 mol/L NaCl, 5 mmol/L EDTA, and 0.2% Triton X-100
(MBS) with protease inhibitors (10 wg/ml aprotinin, 10
pg/ml leupeptin, 1 mmol/L sodium orthovanadate, 10
mmol/L NaF, 1 mmol/L Pefabloc) and left 20 minutes on
ice. The suspension was subjected to 10 to 15 strokes in
a Dounce homogenizer and centrifuged for 10 minutes at
2000 rpm at 4°C to remove nuclei. Clarified postnuclear
supernatants were combined with 90% (w/v) sucrose
prepared in MBS, transferred to the bottom of a Beckman
12.5-ml ultracentrifuge tubes, and overlaid gently with 6
ml of 35% and 3 ml of 5% sucrose, respectively. The
resulting 5 to 40% discontinuous sucrose gradients were
centrifuged for 18 to 20 hours at 40,000 rpm in a SW41
Beckman rotor at 4°C to allow the separation of the low-
density rafts/caveolae. After centrifugation, a floating light
band, corresponding to the Triton X-100 insoluble mate-



1276  D’Alessio et al
AJP April 2005, Vol. 166, No. 4

rial, was detectable at the interface between 35 and 5%
of each gradient. Fractions were harvested from the top
to the bottom of the gradients and analyzed either by
SDS-PAGE followed by immunoblotting for caveolin-1 or
TNFR1 (see below) or for binding of cholera toxin subunit
B (CTxB) by dot-blot analysis.

Immunoblotting and Immunoprecipitation

For immunoblotting experiments, scrape-harvested EA.hy926
cells or isolated cell fractions were extracted in 150 ul of
lysis buffer (20 mmol/L Tris-HCI, pH 7.5, 150 mmol/L
NaCl, 1 mmol/L Na,EDTA, 1 mmol/L EGTA, 1% Triton, 2.5
mmol/L sodium pyrophosphate, 1 mmol/L B-glycero-
phosphate, 1 mmol/L NazVO,, 1 pg/ml leupeptin, 2%
SDS, and 1 mmol/L Pefabloc) for 15 minutes on ice.
Lysates were passed several times through a 29-gauge
needle to shear DNA in the samples. Unbroken cells and
debris were pelleted by centrifugation at 2000 rpm for 10
minutes at 4°C and an equal amount of protein (15 ng)-
containing supernatant was fractionated by SDS-
PAGE,?® transferred electrophoretically to a nitrocellulose
membrane (Trans-Blot transfer medium; Bio-Rad, Her-
cules, CA), stained with Ponceau S (Sigma), and sub-
jected to immunoblotting with primary antibody followed
by incubation with HRP-conjugated secondary antibody.
Detection of the bound antibody by enhanced chemilu-
minescence was performed according to the manufac-
turer’'s instructions (Pierce). Results were quantified by
densitometric analysis using a computing densitometer
(Molecular Dynamics).

For immunoprecipitation experiments, 1200 ul total
(400 ul/sample) from pooled sucrose gradient fractions
3,4, and 5 or fractions 9, 10, and 11 or unfractionated cell
lysates were incubated with 1 ug of goat anti-TNFR1 (H5)
overnight at 4°C with gentle rocking and immunoprecipi-
tated by adding Protein G-Sepharose (Amersham Bio-
sciences, Piscataway, NJ) for 3 hours at 4°C. Beads were
recovered by centrifugation and the samples were eluted
by heating washed beads for 3 minutes at 96°C. The
eluate was then cleared by centrifugation and immune
complexes in the supernatant were subjected to SDS-
PAGE and immunoblotting as above.

Fluorescence Flow Cytometry

For fluorescence flow cytometric analyses, EA.hy926
cells, grown on six-well plates, were treated as indicated
with TNF or MBCD. At the end of the procedure cells were
washed once with ice-cold HBSS and 1% BSA before
incubation with biotinylated mouse IgG2a anti-human
monoclonal antibody or the appropriate isotype control at
1 ug/10° cells for 60 minutes on ice. Thereafter, cells
were washed twice with HBSS and 1% BSA and incu-
bated 30 minutes at 4°C with streptavidin-phycoerythrin
conjugate (Molecular Probes), washed twice in HBSS
and 1% BSA, and analyzed with a Beckman FACSort.
Fluorescence of 1.5 X 10* cells/sample was acquired
and analyzed, using Cellquest software, to quantify the

Control

MBCD

Figure 1. Morphological examination of caveolae in resting EA.hy926 cells.
A: Transmission electron microscopy reveals caveolae, indicated by arrow-
heads, in resting EA.hy926 cells. B: EM analysis of MBCD-treated cells
showing the disappearance of caveolae network. C: Confocal immunofluo-
rescence microscopy with a combination of anti-TNFR1/caveolin antibodies
in both control (top) and MBCD-treated (bottom) EA.hy926 cells. White
boxes indicate high magnification (right). Note co-localization of TNFR1
and caveolin in the periphery of control but not MBCD-treated cells. Data are
from two different independent experiments.

surface expression of TNFR1 by calculating the mean
fluorescence intensities.

Results

Expression of Caveolae and Localization of
TNFR1 within the EA.hy926 Cell Line

The human EA.hy926 cell line responds to TNF by ex-
pressing E-selectin, an EC-specific response, and has
been used for several years as a model for studying EC
functions.?”?® To assess the caveolar system in
EA.hy926, we initially used transmission electron micros-
copy. We observed dense clusters of caveolae close to
and in some cases communicating with the cell surface,
similar to those displayed by ECs in situ (Figure 1A).
Incubation of cells with 5 mmol/L MBCD, a compound
that extracts cholesterol from the plasma membrane in-
duced loss of these organelles, consistent with their iden-
tification as caveolae (Figure 1B). These observations
suggest that EA.hy926 cells could be suitable for inves-
tigating the role(s) of caveolae in TNF signaling in ECs.

To evaluate possible localization of TNFR-1 to caveo-
lae, we first analyzed cells by two-color confocal laser-
scanning immunofluorescence microscopy, using caveo-
lin as a marker for caveolae. EA.hy926 cells were grown
to confluence, fixed, and stained with a combination of
goat anti-TNFR1 and rabbit anti-human caveolin antibod-
ies (Figure 1C, top). Both molecules co-localized to nu-
merous cytosolic granules within the cells, especially in
the cell periphery, giving a punctate staining pattern
consistent with a caveolar distribution. The same exper-



iment performed after the incubation with 5 mmol/L of
MBCD for 30 minutes completely abolished the co-local-
ization of TNFR1 with caveolin protein (Figure 1C, bot-
tom). Some TNFR1 and caveolin were also localized to a
perinuclear region. By comparing the staining of anti-
TNFR1 and anti-Golgin97 by the same technique (data
not shown), we confirmed the previous finding made in
HUVECs that much of TNFR1 is localized to the Golgi
apparatus.®® However, it is clear that EA.hy926 cells have
a substantially larger extra-Golgi pool than do cultured
HUVECs, consistent with a generalized collapse of the
caveolar network to the Golgi on culture of the latter cell
type. A similar redistribution from caveolae to Golgi has
been described for the localization of e-NOS in cultured
ECs.3°

Isolation and Characterization of Caveolae from
Resting EA.hy926 Cells

To more definitively establish the caveolar localization of
TNFR1 in EA.hy926 cells, we used cell fractionation by
sucrose density gradient centrifugation after Dounce ho-
mogenization. A sample from each of 11 fractions was
adsorbed on a nitrocellulose membrane and stained with
HRP-conjugated cholera toxin subunit B (CTxB), a widely
used marker for ganglioside Gy, -containing lipid do-
mains®'~33 such as caveolae.3* 3¢ This procedure repro-
ducibly (in more than 10 independent experiments) iden-
tified a light region cholera toxin-binding membrane
population in fractions 3, 4, and 5 (Figure 2A). We next
prepared replicate gradients from EA.hy926 cells that
were either untreated or subjected to extraction with two
concentrations of MBCD. In untreated cells (labeled as
control), both TNFR1 and caveolin-1 were identified in
fractions 3, 4, and 5 by immunoblotting (Figure 2B). Pre-
incubation with 2.5 mmol/L of MBCD partially and prein-
cubation with 5 mmol/L MBCD strongly decreased the
level of both TNFR1 and caveolin-1 in these light fractions
(Figure 2B). These observations suggest that the pres-
ence of TNFR1 in the light fractions depended on the
presence of lipid rafts/caveolae in the cell. Finally, we
performed immunoelectron microscopy with both anti-
TNFR1 and caveolin antibodies on pooled fractions 3, 4,
and 5. This technique showed these fractions to contain
caveolae-sized vesicles that stain positively for both
TNFR1 and caveolin-1 (Figure 2C). In combination with
the confocal immunofluorescence microscopy studies of
whole cells described above, these cell fractionation ex-
periments allow us to conclude that plasmalemmal
TNFR1 is concentrated within caveolae in human ECs.

Effects of MBCD Disruption of Caveolae on TNF
Signaling

To investigate the possible role of caveolae in TNFR1
signaling pathways, we compared the responses of
EA.hy926 cells treated with MBCD, or not so treated, to
addition of TNF. Because the PI3K/Akt pathway is also
activated by the presence of factors in serum, EA.hy926
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Figure 2. Fractionation of EA.hy926 cells on sucrose gradient. A: EA.hy926
cells were harvested and fractionated by sucrose density gradient as de-
scribed in Materials and Methods and 10 ul of each sample was subjected to
a dot-blot analysis by staining membrane with HRP-conjugated cholera toxin
subunit B (CTxB). B: EA.hy926 cells were incubated for 30 minutes with two
different doses of methyl-B-cyclodextrin (MBCD) or not treated, Dounce
homogenized, and then fractionated by sucrose density gradient. Fractions,
harvested from the top to the bottom of each gradient were analyzed by
SDS-PAGE and immunoblotted for TNFR1 and caveolin-1. Ctr, indicates
control cells not subjected to MBCD treatment. C: Fractions 3 to 5, pooled
after fractionation of resting cells, were subjected to immunoelectron micros-
copy analysis with both TNFR1 (15 nm, arrowhead) and caveolin (5 nm,
arrow) antibodies. Note co-localization of TNFR1 and caveolae in isolated
caveolae.

cells in these experiment were deprived of serum for 22
hours as described in Material and Methods, and then
incubated with 5 mmol/L of MBCD or left untreated (con-
trol) for 30 minutes. Replicate cultures of control or
MBCD-treated cells were then either treated with 10
ng/ml of TNF for different lengths of time or with different
concentrations of TNF for 30 minutes and subjected to
SDS-PAGE and immunoblot analysis to assess signaling
responses. In both dose-response (Figure 3A) and time-
course (Figure 3B) experiments, TNF-induced Akt phos-
phorylation was strongly inhibited by preincubation with
MBCD, compared to the control cells (Figure 3B, top).
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Figure 3. Effect of MBCD on TNF responses of EA.hy926 cells. EA.hy926
cells, deprived of serum and growth factor for 18 to 22 hours at 37°C, were
pretreated with 5 mmol/L MBCD for 30 minutes at 37°C or left untreated as
a control group. Cells were then exposed for 30 minutes to TNF with
indicated concentration (A) or with 10 ng/ml for the indicated time (B) and
analyzed by immunoblotting using an antibody specific for both Akt
(Ser473), total AKT, or IkBa. fetal bovine serum was used at 10% concen-
tration in both experiments. Bottom: The panels show the normalization
with B-actin antibody as a test of equal protein loading. Data are from one of
three independent experiments with similar results.

However, the phosphorylation of AKT in response to se-
rum (fetal bovine serum) was still intact demonstrating
that MBCD treatment did not inhibit all cellular responses
of the PI3K system. When we compared the ability of TNF
to induce degradation of IkBa in contrast of MBCD-
treated cells, no effect was detected, suggesting that
MBCD does not modify the NF-kB pathway (Figure 3, A
and B). These findings support the interpretation that
TNFR1 uses receptor cross talk to activate PI3K but not
NF-«B in ECs.

Effects of TNF on TNFR1 Distribution

TNF has been reported to induce internalization of TNFR1
in the U937 human monocytoid cell line.®” To examine
the effect of TNF on TNFR1 distribution in ECs, we treated
EA.hy926 cells with TNF for indicated period of time and
then fractionated the cells by sucrose density gradient
centrifugation. Aliquots of each fraction for each time
point of TNF treatment were first analyzed by immuno-
blotting for the expression of caveolin-1 (Figure 4A) and
TNFR1 (Figure 4B). TNF had no effect on the distribution
of caveolin-1 at any time examined. We next examined
the same gradients for the distribution of TNFR1. In rest-
ing cells, we observed expression of the TNFR1 in the

same fractions that we had found positive for caveolin-1
(Figure 4B). However, treatment with TNF induced a pro-
gressive decrease of TNFR1 from caveolin-1-enriched
light fractions within the first 5 minutes of stimulation.
Densitometric analysis of the TNFR1 and caveolin-1
bands confirmed a significant decrease of TNFR1/caveo-
lin-1 ratio measured in fraction 4 of each time point.
(Figure 4C). At the same time, there was no discernable
change in levels of TNFR1 in the heavier fractions of the
gradient in response to TNF treatment. This suggested
that TNF caused disappearance of TNFR1 from the
caveolar network. We found no evidence of TNF-induced
shedding of TNFR1 into the medium, assayed by en-
zyme-linked immunosorbent assay, suggesting that re-
ceptor was being internalized from caveolae (data not
shown). In addition, we performed flow cytometric anal-
ysis to evaluate the effect of MBCD on TNF-induced
down-regulation of TNFR1 on the cell surface (Figure 4D).
TNF induced the down-regulation of TNFR1 in a time-
dependent manner, consistent with internalization of re-
ceptor. The level of TNFR1 was not affected by extraction
of cholesterol with MBCD (Figure 4D, right), suggesting a
possible redistribution of receptor to other portions of the
plasma membrane as caveolae and other lipid rafts are
dissolved. However, MBCD treatment markedly reduced
TNF-dependent internalization of TNFR1.

To further characterize the basis of the TNF-induced
redistribution of TNFR1, we used the technique of co-
immunoprecipitation to look for TNF-induced changes in
the interactions of TNFR1 with caveolin-1. We immuno-
precipitated TNFR1 from a total lysate prepared with
resting cells and immunoblotted for TNFR1 or caveolin-1.
This experiment showed the interaction of the receptor
with caveolin-1 (Figure 5, R). Preincubation with MBCD
for 30 minutes disrupted this interaction. We then pooled
the caveolin-1-enriched light fractions (3 to 5) as well as
denser membrane fractions (9 to 11) from untreated and
TNF-treated EA.hy926 cells, prepared a detergent lysate,
and immunoprecipitated these factions with TNFR-1 an-
tibody. The resulting immunoprecipitates were similarly
immunoblotted for TNFR1 and for caveolin-1 (Figure 5,
right). In resting cells, caveolin-1 co-immunoprecipitated
with TNFR1 from the caveolar fraction but not from the
dense membrane fraction. Incubation with 10 ng/ml of
TNF induced dissociation between the two molecules in
the caveolae-enriched light fractions starting from 5 min-
utes. Although some expression of TNFR1 was still de-
tectable in caveolae after 15 minutes, it was no longer
associated with caveolin-1. The denser fractions failed to
show association of TNFR1 with caveolin-1 even after
TNF treatment. These findings suggest that TNF induces
dissociation of its own receptor from caveolin-1, probably
within caveolae, raising a possible role for this organelle
as the site of receptor internalization. Our findings also
suggest that the interaction between TNFR1 and caveo-
lin-1 occurs only within the caveolar network. Interest-
ingly, we detected the reappearance of TNFR1 in caveo-
lin-1-enriched fractions again at 60 and 240 minutes after
TNF stimulation, and the receptor once again could be
co-immunoprecipitated with caveolin-1 (Figure 5). This
reappearance of TNFR1 in the caveolae and its reasso-
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Figure 4. Effect of TNF on TNFR1 distribution in EA.hy926 cells. A: EA.hy926
cells were treated with 10 ng/ml of TNF for the indicated time, fractionated
by sucrose density gradient, and analyzed by immunoblotting for caveolin-1
as described in Materials and Methods. B: Immunoblot analysis of TNFR1
after TNF treatments and cell fractionation. C: Results of densitometric anal-
ysis of TNFR1 versus caveolin-1 immunoreactivity. Fraction 4 is from A and
B. D: Effect of MBCD on TNF-induced down-regulation of TNFR1 surface
staining. EA.hy9206 cells were either left untreated (Ctr) or preincubated for
30 minutes with 5 mmol/L of MBCD, followed by treatment for the indicated
time with 10 ng/ml of TNF, and analyzed by fluorescence flow cytometry
using anti-TNFR1 antibody (white histogram), or isotype control (black
histogram). Numbers indicate the mean fluorescence intensity of the peaks.
Data are from one of three independent experiments with similar results.

ciation with caveolin-1 could be because of new receptor
synthesis, to recycling of internalized receptor, or re-
placement of internalized receptors from stored recep-
tors within the Golgi apparatus.

To investigate the fate of TNFR1 molecules that exit the
caveolae in response to ligand binding, we performed
time-course experiments by using two-color confocal
scanning laser immunofluorescence microscopy and an-
tibodies for receptor as well as for different intracellular
compartments. In EA.hy926 cells, as in most other cell
types, the majority of TNFR1 molecules are found in the
Golgi. However, it is possible to draw some inference
about the internalization by focusing on the minority pop-
ulation of receptor found in the cell periphery. Many
receptors are internalized via a coated pit/coated vesicle
pathway. The protein coating on the cytosolic face of
these organelles is formed predominantly by clathrin. To
determine whether this system participated in ligand-
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induced internalization of TNFR1, we examined EA.hy926
cells for co-localization of TNFR1 and clathrin. We did not
observe coincidence of these molecules in resting cell or
in TNF-treated cells in the region of the cell surface at any
time point examined. This contrasts with the behavior of
transferrin receptor, which, as expected, does co-local-
ize with clathrin. We did observe co-localization of TNFR1
and clathrin in the Golgi region, but this did not change
with TNF treatment (Figure 6). We also did not observe
co-localization of TNFR1 with mitochondria (data not
shown), which are a repository for internalized TNF mol-
ecules.®® However, using antibodies to both EEA1 and
Rab5, two different markers for endosomes, we found
that TNF causes trafficking of TNFR1 to the endosomal
pathway within 60 minutes (Figure 7, A and B). These
finding suggests that TNF induces trafficking of its own
receptor from caveolae to the endosomal pathway, inde-
pendent of clathrin-coated pits. We do not know if endo-
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Figure 5. Co-immunoprecipitation of TNFR1 and caveolin-1 from caveolae
in EA.hy920 cells. EA.hy926 cells were stimulated with TNF for the indicated
time and fractionated by sucrose gradient as described in Materials and
Methods. Four hundred pl from fractions 3, 4, and 5 (left), and from 9, 10,
and 11 were mixed and immunoprecipitated with TNFR1 followed by SDS-
PAGE analysis with both TNFR1 and caveolin-1 antibodies. Note that al-
though both the proteins are represented in fractions 9 to 11 (see Figure 4A),
no interaction between the two proteins was detected. Immunoprecipitation
of TNFR1 performed in resting cells not subjected to the fractionation pro-
cedure, shows the ability of MBCD to disrupt the association between TNFR1
and caveolin-1, as indicated by R at the left. Data are from one of three
independent experiments with similar results.

somes play a role in TNF signaling or in termination of
TNF signaling.

Discussion

In this report we show that EA.hy926, a cell line produced
by fusing HUVECs with the permanent human lung car-
cinoma cell line A549, not only recapitulates EC-like re-
sponses to TNF, such as E-selectin induction, but also
retains an extensive caveolar network, unlike HUVECs
that lose these organelles when allowed to grow in cul-
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.

Figure 6.TNFR1 does not internalize in clathrin-coated structures in
EA.hy926 cells. A: EA.hy926 cells were either left untreated or treated for
different periods of time with 10 ng/ml of TNF as indicated and analyzed by
laser confocal microscopy after immunostaining with a combination of goat
anti-human TNFR1 and mouse anti-clathrin heavy chain antibodies. B: Con-
focal analysis of clathrin and transferrin receptor (TfR) in resting EA.hy926
cells. Right: Higher magnification (indicated by box) of the overlay image.
Images shown are representative of three independent experiments with
similar results. Original magnifications, X63.
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Figure 7. TNF-induces trafficking of TNFR1 to endosomes in EA.hy926 cells.
EA.hy926 cells were treated with 10 ng/ml of TNF and subjected to confocal
fluorescent microscopy by staining with a combination of TNFR1 with either
EEA1 (A) or Rab5 (B) antibodies. Images shown are from one of three
different experiments with similar results.

ture. EA.hy926 cells thus offer an opportunity to investi-
gate the functions that caveolae may play in various TNF
responses of ECs. We make three new observations us-
ing this model system. First, in resting ECs, TNFR1 asso-
ciates with caveolin-1 and is localized to caveolae. Sec-
ond, disruption of caveolae (and other lipid rafts)
selectively inhibits the activation of the PI3K/Akt pathway,
and not the NF-kB pathway, consistent with a mechanism
in which TNFR1 activates PI3K via receptor cross talk.
The other receptors and adapters involved in this path-
way are yet to be determined. And third, we find that TNF
causes rapid internalization of TNFR1 from caveolae,
resulting in receptor accumulation in endosomes without
apparent involvement of a clathrin-coated pit/coated ves-
icle uptake mechanism.

Caveolin-1 has been previously found associated with
TRAF2 but not with TNFR1, TNFR2, or TRADD in resting
HUVECs.?® A key difference from these earlier studies is
that HUVECSs, despite retaining expression of caveolin-1
and -2, no longer form caveolae. This may explain why
the interaction of TNFR1 and caveolin-1 may be observed
in EA.hy926 cells but not in HUVECs. This difference also
raises the possibility that the interaction of caveolin-1 with
TNFR1 is not direct, but depends on the presence of
some additional protein found in caveolae. It has been
suggested that the death domain of TNFR1 may play an
important role to promote the appropriate localization of
the receptor to caveolae.”® We do not yet know if this
region of TNFR1 is also involved in the interaction with
caveolin-1. We also do not yet know which motif within
caveolin-1 is involved in the interaction with TNFR1.



The role of lipid rafts in the PISK/PKB pathway has
been extensively studied. A plasma membrane raft-asso-
ciated PKB Ser473 kinase has been recently discov-
ered*’ and its function is sensitive to drugs able to dis-
rupt rafts from the plasma membrane. In addition, EGFR,
a receptor that activates an anti-apoptotic PI3K/Akt sig-
naling pathway, has been shown to be unable to protect
cells from apoptosis when they were preincubated with
filipin, similar to the results generated using the PI3K
inhibitor LY294002.%2 In this report we demonstrate that
disrupting caveolae by extracting cholesterol from the
plasma membrane by using MBCD strongly impairs TNF-
mediated phosphorylation of Akt at Ser473, but not TNF-
induced IkBa degradation, consistent with the involve-
ment of cholesterol-enriched raft domains in the
regulation of PI3K pathway.'™ A cross-talk model be-
tween TNFR2 and VEGFR2 has been recently pro-
posed.?? According to this model, TNF induces transac-
tivation of VEGFR2 via Etk, by phosphorylating the
receptor at a subset of the sites that are phosphorylated
in response to VEGF, leading to the activation of PISK/Akt
but not of PLC-v. This precise mechanism is probably not
involved in our studies of EA.hy926 cells because no
interactions between TNFR1 and Etk have been demon-
strated. It is formally possible that TNF activation of PISK
in EA.hy926 cells is in part mediated by TNFR2, but pilot
experiments with antagonistic anti-TNFR1 antibody and
with a selective TNFR1-binding mutant of TNF show clear
evidence of involvement of TNFR1 in the PI3K response
of EA.hy926 cells, similar to published results with
HUVECs (A. D’Alessio and J.S. Pober, unpublished ob-
servation)."” An alternative cross-talk pathway could
arise from TNF-induced synthesis of sphingosine 1-phos-
phate, a lipid mediator that could activate PI3K via a G
protein-coupled Edg receptor.*®

An important issue raised by our study is the relation-
ship between caveolae and lipid rafts in ECs. Cultured
ECs lose their caveolae, and it is likely that as caveolae
disassemble, the lipid component remains organized as
rafts. Rafts are likely to retain the ability to promote re-
ceptor cross talk and we have seen that MBCD treatment
effectively inhibits TNF activation of Akt in HUVECs (A.
D’Alessio and J.S. Pober, unpublished observation).

The ability of TNF to induce internalization of TNFR1
from the cell surface has been previously described in
the U937 human monocytoid cell line,®” but we had not
been able to confirm such a response in cultured
HUVECs,2° probably because so few TNFR1 molecules
are expressed on the cell surface once the caveolar
network collapses. However, as reported here, TNF does
cause disappearance of TNFR1 from the cell surface of
EA.hy926 cells, as detected by fluorescence flow cytom-
etry, and from caveolae, as detected by cell fractionation.
Because TNF does not induce receptor shedding, we
interpret this as evidence of ligand-induced TNFR1 inter-
nalization from caveolae. The fact that the level of TNFR1
detected on the cell surface does not change after cho-
lesterol extraction implies that MBCD induces a redistri-
bution of the receptor from caveolae to other parts of the
cell surface. It is theoretically possible that TNF-induced
dissociation of TNFR1 from caveolin-1 starts with a similar
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migration of receptor to plasmalemmal regions outside of
the caveolae followed by internalization via clathrin-
coated pits. This seems unlikely on two grounds, namely
the rapidity of the internalization and from our failure to
see TNFR1 in clathrin-coated pits or vesicles. The likeliest
interpretation of our findings is that TNFR1 is directly
internalized from caveolae. This is consistent with several
recent studies that have described an internalization
mechanism directly initiated from caveolae.** Although
the caveolar uptake mechanism is primarily used by viral
proteins or GPI-linked membrane proteins, it has been
recently demonstrated that transforming growth factor-g
receptors can be internalized either by clathrin-vesicles
in or by lipid raft-dependent pathway,*® suggesting that
pathway may also be used to internalize conventional
transmembrane proteins such as TNFR1.

In summary, we have demonstrated that TNFR1 is
concentrated within the caveolae of a human EC line and
that interfering with caveolae organization by extracting
cholesterol abolishes the ability of TNF to activate Akt. In
contrast to some previous reports,'® we have not found
an effect of this manipulation on the activation of NF-kB,
consistent with our previous finding that in ECs, unlike
certain other cell types, the PISK/Akt pathway is not in-
volved in activation of NF-kB.'” In addition, we have
observed a direct interaction between TNFR1 and caveo-
lin-1 within caveolae that may function to retain TNFR1
within the caveolar network, and that ligand binding in-
duces a rapid dissociation of this complex, initiating in-
ternalization of the receptor directly from caveolae. The
broader implication of these studies is that caveolae
could play a major role in TNF responses of vascular ECs
that, because of loss of caveolae in cell culture, has been
unappreciated in previous investigations.
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