
 doi:10.1152/ajprenal.00308.2003 
 286:711-719, 2004. First published Dec 9, 2003;Am J Physiol Renal Physiol

Hongye Li and Edward P. Nord 

 You might find this additional information useful...

24 articles, 18 of which you can access free at: This article cites 
 http://ajprenal.physiology.org/cgi/content/full/286/4/F711#BIBL

6 other HighWire hosted articles, the first 5 are: This article has been cited by 

  
 [PDF]  [Full Text]  [Abstract]

, July 1, 2005; 289 (1): F145-F153. Am J Physiol Renal Physiol
H. Li and E. P. Nord 

 cells via increased ICAM-1 expression
CD40/CD154 ligation induces mononuclear cell adhesion to human renal proximal tubule
  

 [PDF]  [Full Text]  [Abstract]
, March 1, 2006; 17 (3): 627-636. J. Am. Soc. Nephrol.

P. Pontrelli, M. Ursi, E. Ranieri, C. Capobianco, F. P. Schena, L. Gesualdo and G. Grandaliano 
 Role of NF-{kappa}B and Lyn

CD40L Proinflammatory and Profibrotic Effects on Proximal Tubular Epithelial Cells:
  

 [PDF]  [Full Text]  [Abstract]
, September 1, 2007; 27 (9): 2005-2013. Arterioscler Thromb Vasc Biol

J. Chen, L. Chen, G. Wang and H. Tang 
 Cardiovascular Endothelial Cells

Cholesterol-Dependent and -Independent CD40 Internalization and Signaling Activation in
  

 [PDF]  [Full Text]  [Abstract]
, January 1, 2009; 48 (1): 11-22. Rheumatology

F. Montecucco and F. Mach 
 arthritis and atherosclerosis

Common inflammatory mediators orchestrate pathophysiological processes in rheumatoid
  

 [PDF]  [Full Text]  [Abstract]
, February 1, 2009; 296 (2): F438-F445. Am J Physiol Renal Physiol

H. Li and E. P. Nord 
 p38-MAPK pathway in human renal proximal tubule cells

IL-8 amplifies CD40/CD154-mediated ICAM-1 production via the CXCR-1 receptor and

including high-resolution figures, can be found at: Updated information and services 
 http://ajprenal.physiology.org/cgi/content/full/286/4/F711

 can be found at: AJP - Renal Physiologyabout Additional material and information 
 http://www.the-aps.org/publications/ajprenal

This information is current as of July 15, 2010 . 
  

 http://www.the-aps.org/.American Physiological Society. ISSN: 0363-6127, ESSN: 1522-1466. Visit our website at 
(monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2004 by the
respective cells and vasculature, as well as to the control of body fluid volume and composition. It is published 12 times a year 

 publishes original manuscripts on a broad range of subjects relating to the kidney, urinary tract, and theirAJP - Renal Physiology

 on July 15, 2010 
ajprenal.physiology.org

D
ow

nloaded from
 

http://ajprenal.physiology.org/cgi/content/full/286/4/F711#BIBL
http://ajprenal.physiology.org/cgi/content/abstract/296/2/F438
http://ajprenal.physiology.org/cgi/content/full/296/2/F438
http://ajprenal.physiology.org/cgi/reprint/296/2/F438
http://rheumatology.oxfordjournals.org/cgi/content/abstract/48/1/11
http://rheumatology.oxfordjournals.org/cgi/content/full/48/1/11
http://rheumatology.oxfordjournals.org/cgi/reprint/48/1/11
http://atvb.ahajournals.org/cgi/content/abstract/27/9/2005
http://atvb.ahajournals.org/cgi/content/full/27/9/2005
http://atvb.ahajournals.org/cgi/reprint/27/9/2005
http://www.jasn.org/cgi/content/abstract/17/3/627
http://www.jasn.org/cgi/content/full/17/3/627
http://www.jasn.org/cgi/reprint/17/3/627
http://ajprenal.physiology.org/cgi/content/abstract/289/1/F145
http://ajprenal.physiology.org/cgi/content/full/289/1/F145
http://ajprenal.physiology.org/cgi/reprint/289/1/F145
http://ajprenal.physiology.org/cgi/content/full/286/4/F711
http://www.the-aps.org/publications/ajprenal
http://www.the-aps.org/
http://ajprenal.physiology.org


Functional caveolae are a prerequisite for CD40 signaling in human renal
proximal tubule cells

Hongye Li and Edward P. Nord
Division of Nephrology, Department of Medicine, School of Medicine,
State University of New York at Stony Brook, Stony Brook, New York 11794

Submitted 28 August 2003; accepted in final form 4 December 2003

Li, Hongye, and Edward P. Nord. Functional caveolae are a
prerequisite for CD40 signaling in human renal proximal tubule cells.
Am J Physiol Renal Physiol 286: F711–F719, 2004. First published
December 9, 2003; 10.1152/ajprenal.00308.2003.—The role of
caveolae in CD40/CD154 activation of proinflammatory chemokines
and their potential role in renal inflammatory disease were explored in
primary cultures of human renal proximal tubule epithelial cells. With
the use of a cell fractionation assay, caveolin-1 (Cav-1), the defining
structural protein of caveolae, was detected exclusively in the cell
membrane (detergent insoluble) component of resting and CD40-
activated cells. In the unstimulated condition, CD40 was associated
with Cav-1, and with activation of the receptor by its cognate ligand
CD154, CD40 disassociated from Cav-1. Other previously identified
components of the CD40 signaling pathway, namely, SAPK/ JNK,
p38, and ERK1/2 MAPKs, but not tumor necrosis factor receptor-
associated factor 6 (TRAF-6), were also present within caveolae and
dissociated from this structure with ligation of the CD40 receptor.
Disruption of caveolae with filipin diminished CD40-mediated
MAPK activation and blunted downstream monocyte chemoattractant
protein-1 (MCP-1) and IL-8 production. Similarly, dislodgment of
signaling proteins from their scaffolding with a peptide targeted to the
Cav-1 scaffolding domain (CSD) resulted in blunted MAPK activa-
tion and augmented IL-8 and MCP-1 production. In contrast, epider-
mal growth factor (EGF)-mediated tyrosine phosphorylation of the
EGF receptor and activation of ERK1/2 were not interrupted by the
peptide. We conclude that in human renal proximal tubule epithelial
cells, CD40 and its downstream MAPK signaling proteins are located
in membrane rafts and that disruption of caveolae or dislodgment of
signaling proteins from the CSD diminishes MAPK activation and
IL-8 and MCP-1 production in these cells.

caveolin-1 scaffolding domain; mitogen-activated protein kinases;
monocyte chemoattractant protein-1; interleukin-8; interstitial inflam-
mation

RECENT WORK FROM this laboratory identified the CD40 receptor
on primary cultures of human renal proximal tubule epithelial
cells (PTCs) (10). Engagement of CD40 by CD154 stimulated
monocyte chemoattractant protein-1 (MCP-1) and IL-8 pro-
duction, which proceeded via receptor activation of the
ERK1/2, SAPK/JNK, and MAPK pathways. An early event in
this cascade was CD40 engagement of tumor necrosis factor
receptor-associated factor 6 (TRAF6). With the use of immu-
nocytochemistry, confocal microscopy, and a cell fractionation
assay, CD40 and TRAF6 were shown to reside in separate
low-density detergent-insoluble membrane microdomains, and
with activation they translocated and associated with one

another probably via zinc finger domains in the soluble or
cytoplasmic compartment.

The outer leaflet of the plasma membrane contains spe-
cialized lipid microdomains or rafts that are principally
composed of sphingolipids and cholesterol, rendering that
segment of the outer leaf less fluid and thicker than the
surrounding environment composed of glycerophospholip-
ids (4). Similar rafts are thought to exist in the inner leaflet
(cytosolic surface) of the plasma membrane but their lipid
composition is largely unknown (23). Caveolae are a spe-
cialized form of lipid rafts that appear on both sides of the
plasma membrane and appear as flask-shape invaginations
of the plasma and are coated with caveolin, the defining
protein component of caveolae membrane (4, 14, 18). Cur-
rently, three caveolin genes are known to exist; caveolin-1
(Cav-1) and caveolin-2 are ubiquitously expressed, whereas
caveolin-3 appears to be muscle specific (16, 21).

Based on our earlier observation that the CD40 receptor
resides in low-density detergent-insoluble membrane microdo-
mains (10), we sought to explore whether caveolae are in-
volved in CD40 signaling in human renal PTCs. In this study,
we demonstrate that in the unstimulated condition CD40 and
its key downstream signaling intermediates, SAPK/JNK, p38,
and ERK1/2 MAPKs, are present in caveolae and dissociate
from this structure with ligation of the receptor. Furthermore,
disruption of caveolae, or dislodgment of signaling proteins
from their scaffolding domain on Cav-1, diminishes CD40-
mediated MAPK activity and blunts subsequent MCP-1 and
IL-8 production.

MATERIALS AND METHODS

Cell culture. All experiments were carried out on primary cultures
of human PTCs. Normal renal tissue was obtained from nephrectomy
specimens during the course of cancer surgery (2), and verification of
proximal tubule origin was performed as previously described (13).
Cultures were maintained in a defined medium composed of 1:1
(vol/vol) mixture of DMEM and Ham’s F-12 medium supplemented
with insulin (5 �g/ml), transferrin (5.5 �g/ml), hydrocortisone (50
nM), triiodoithyronine (5 pM), and sodium selenate (10 nM), and to
which 50 IU/ml penicillin and 50 �g/ml streptomycin were added.
Cells were usually grown in 25-cm2 tissue culture flasks but occa-
sionally in 100-cm2 tissue culture flasks (cell fractionation) or in
24-well plates (ELISA) and perpetuated in a humidified incubator at
37°C in 95% air-5% CO2 (culture medium pH 7.3). Media were
exchanged at 48- to 72-h intervals, and cells were propagated through
passages 8-10.

Cell fractionation. In experiments where detergent-soluble and
detergent-insoluble fractions were required, vehicle and CD154-stim-
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ulated cells [recombinant human soluble (rhs) CD154 100 ng/ml � 1
�g/ml enhancer] were lysed in 1% Brij 58 (Pierce, Rockford, IL) for
5 min at 4°C as previously described (10). Lysates were centrifuged
at 8,600 g (5 min, 4°C), and after the supernatants were collected, the
insoluble pellets were resuspended and sonicated for 15 s in 100 �l of
lysis solution that contained 0.5% SDS. The protein concentrations in
the supernatants and in the insoluble pellets were detected by BCA
Protein Assay Reagent. Equal aliquots of detergent-soluble and de-
tergent-insoluble material were subjected to SDS-PAGE and immu-
noblotting as described below.

Immunoprecipitation and immunoblotting. Immunoprecipitation
and Western blot analysis were performed using protocols previously
described by this laboratory (1, 10). Unless otherwise stated, mono-
layers were challenged with rhs CD154 or vehicle (control) for the
time periods indicated, washed extensively with PBS (4°C), and then
lysed in a previously described buffer. After a 5-min incubation period
in lysis buffer, samples were transferred to Eppendorf microcentrifuge
tubes, and the insoluble material was removed by centrifugation.
Samples were next exposed to the antibody of interest, which had
been preincubated with protein A-Sepharose CL-4B beads swollen in
50 mM Tris (pH 7.0). Immunoprecipitation proceeded overnight at
4°C on a rocker. Immunoprecipitates were washed, suspended in
sample buffer, and heated to 95°C for 5 min. Matched aliquots were
subjected to SDS-PAGE in 10% gels, transferred to membranes, and
blocked with 5% nonfat dry milk suspended in 143 mM NaCl, 0.1%
Tween 20, and 20 mM Tris base (pH 7.6, room temperature, 1 h).
Filters were probed with the antibody of interest (1:1,000, overnight at
4°C), washed three times with TBS containing 0.1% Tween 20, and
subsequently incubated with peroxidase-linked goat anti-rabbit IgG in
blocking buffer (1 h, room temperature). After additional washes
(3�), antibody-bound proteins were detected using an enhanced
chemiluminescence (ECL) system according to the manufacturer’s
instructions (Pierce), and membranes were exposed to Hyperfilm ECL
(Amersham Pharmacia Biotech, Buckinghamshire, UK). Molecular
weight markers were used to determine the size of the detected band.
Where required, relative densities of the protein bands were deter-
mined with a GS-670 imaging densitometer and Molecular Analyst
PC software program (Bio-Rad, Richmond, CA). Antibodies were
obtained from commercial sources and are detailed in Materials.

Immunoblotting was performed as previously described (1).
Briefly, following extensive washes with PBS (4°C), cells were lysed
in 100 �l of SDS sample buffer (1), scraped, and the extract was
transferred to a microcentrifuge tube for sonication (10–15 s) to
reduce sample viscosity. Samples were heated to 95°C for 5 min, and
matched aliquots were subjected to SDS-PAGE in 10% gels as
described above. Immunoblotting was performed as outlined earlier.

Immunocytochemistry and confocal microscopy. Immunocyto-
chemical staining of cultured proximal tubule cells for CD40 and
Cav-1 was carried out on 3.7% paraformaldehyde-fixed cells perme-
abilized with 0.1% Triton X-100 as previously described by this
laboratory (1, 2, 10). Optimal dilutions of the first antibody, deter-
mined by checkerboard titration, were incubated with the monolayer
at room temperature for 60 min followed by three rinses in buffered
saline at 3–5°C. An Alexa Fluor-coupled secondary antibody was then
applied for 30 min under identical conditions. Nonspecific binding of
secondary antibody was determined by omitting the primary antibody
(vehicle only) from the initial incubate. An irrelevant antibody en-
sured specificity. In double-labeled experiments, the rabbit anti-
human anti-CD40 polyclonal primary antibody was detected by anti-
rabbit IgG-labeled Alexa Fluor 594 (red), and the anti-Cav-1 mono-
clonal primary antibody was detected by anti-mouse IgG-labeled
Alexa Flour 488 (green). Alexa Fluor 594 and Alexa Fluor 488
(Molecular Probes, Eugene, OR) were detected by fluorescent confo-
cal microscopy (Bio-Rad Radrance 2000), using a Nikon Eclipre
E800, 60 � 1.4 numerical aperture oil-immersion objective lens, the
appropriate excitation wavelength, a dichroic mirror, and a barrier

filter. Images were captured with a digital camera and stored for
further processing and evaluation. All studies were blinded.

Detergent-free purification of caveolin-rich membrane fragments.
Vehicle-treated or rhs CD154 (100 ng/ml � 1 �g/ml enhancer, 10
min)-challenged monolayers were washed (2�) with ice-cold PBS,
scraped, and suspended into 0.85 ml of 0.5 M sodium carbonate, pH
11.0 (20). Lysates from five 100-cm2 tissue culture flasks were pooled
for each experimental point. All subsequent steps were carried out at
4°C. Cell membranes were disrupted with a loose-fitting Dounce
homogenizer (10 strokes) followed by three 10-s bursts with a Poly-
tron tissue grinder and three 20-s bursts with a sonicator to further
homogenize the samples. Homogenates were adjusted to 40% sucrose
by adding an equal volume of 80% sucrose prepared in Mes-buffered
saline (MBS; 25 mM Mes, pH 6.5, and 0.15 M NaCl) and placed on
the bottom of an ultracentrifugation tube. A 5 to 35% discontinuous
sucrose gradient was formed above the sample by using 1 ml of 5%
sucrose and 1.3 ml of 35% sucrose, both in MBS containing 250 mM
sodium carbonate. Ultracentrifugation proceeded for 18 h at 50,000
rpm using a model SW65 rotor (Beckman Instruments, Palo Alto,
CA). For profiles, 0.3-ml fractions starting at the top of each gradient
were collected to yield a total of 13 fractions. Twenty microliters of
each fraction were dissolved in equal volumes of 2� SDS sample
buffer for Western blot analysis. In separate experiments, the light-
scattering band confined to the 5 to 35% interface (fractions 4 and 5),
which contains caveolae but excludes most other cellular structures,
was diluted threefold with MBS and centrifuged at 30,000 rpm for 1 h
in the above mentioned rotor to pellet caveolae. The caveolae were
then solubilized with SDS sample buffer and subjected to Western
blot analysis as described.

ELISA. MCP-1 and IL-8 production by proximal tubule cells were
measured by the quantitative sandwich enzyme immunoassay tech-
nique according to the manufacturer’s instructions (Quantikine, R&D
Systems, Minneapolis, MN) and as previously reported by this labo-
ratory (10). Proximal tubule cells were grown in 24-well culture plates
and the experimental maneuver was performed by adding agonist/
vehicle/inhibitor to the supernatant, which was assayed for chemokine
production. Optical density of each microtiter plate was read at 450
nm on a Biomed microplate reader. Recombinant MCP-1 and IL-8
standards from 0 to 2,000 pg were used to generate standard curves.
Quadruplicate determinations in three to four different series of
experiments were performed. Data are presented as means � SE as
the index of dispersion. Analysis of variance was used to compare
group means, and the null hypothesis was rejected when P � 0.05.

Peptide synthesis and introduction into cells. A peptide corre-
sponding to the scaffolding domain of Cav-1 (amino acids 82–101:
DGIWKASFTTFTVTKYWFYR; accession number: Q03135) was
synthesized as a fusion peptide to the COOH terminus of the Dro-
sophila antennapedia homeodomain-derived carrier peptide (RQIKI-
WFQNRRMKWKK) (purification �95%) by Biosynthesis (Lewis-
ville, TX). Biotin was linked to the peptide through an aminohexanoic
acid spacer at the NH2 terminus. Confluent monolayers grown on
25-cm2 tissue culture flasks or 24-well plates were incubated with 1,
10, or 100 �M Cav-1 peptide for 6 h before stimulation with vehicle,
CD154 (100 ng/ml � 1 �g/ml enhancer), or epidermal growth factor
(EGF; 100 ng/ml, 10 min). Lysates were subjected to SDS-PAGE and
immunoblotted with the phospho or nonphospho antibody as de-
scribed. MCP-1 and IL-8 production were measured by ELISA. To
validate internalization of the peptide by proximal tubule cells, mono-
layers grown on glass coverslips were incubated with 1, 10, or 100
�M Cav-1 peptide for 6 h. Cell fixation and permeabilization pro-
ceeded as described in Immunocytochemistry and confocal micros-
copy. Cells were subsequently incubated with streptavidin-fluorescein
following blocking by 10% goat serum in PBS. Internalization of the
peptide was detected by fluorescent microscopy.

Materials. DMEM, Ham’s F-12 medium, RPMI 1640, and the
penicillin-streptomycin solution were purchased from GIBCO Labo-
ratories (Grand Island, NY) and newborn calf serum was from Sigma
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(St. Louis, MO). Rabbit anti-human CD40 polyclonal antibody,
mouse anti-human TRAF6 monoclonal antibody, rabbit anti-human
TRAF6 polyclonal antibody, mouse anti-human TRAF2 monoclonal
antibody, rabbit anti-human TRAF2 polyclonal antibody, rabbit anti-
human Cav-1 polyclonal antibody, and goat anti-human phospho-
EGF receptor polyclonal antibody were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse anti-human Cav-1 monoclo-
nal antibody was purchased from BD Transduction Laboratories (San
Diego, CA). Rabbit anti-p44/42 MAP kinase and phospho-p44/42
MAP kinase antibody, rabbit anti-SAPK/JNK and rabbit anti-phos-
pho-SAPK/JNK antibody, rabbit anti-p38-MAP kinase and phospho-
p38-MAP kinase antibody were purchased from Cell Signaling Tech-
nology (Beverly, MA). rhs CD40 ligand or CD154 and enhancer (an
antibody that binds CD154 trimers and has the effect of multimerizing
the CD40 receptor) were purchased from Alexis (San Diego, CA).
Filipin was purchased from Sigma. Electrophoretic grade reagents
used for SDS-PAGE were obtained from Bio-Rad Laboratories
(Melville, NY). All standard chemicals used were purchased at the
highest commercial grade available.

RESULTS

Expression of Cav-1 by human proximal tubule cells. Cav-1
expression by primary cultures of human proximal tubule cells
was first examined in detergent-soluble and detergent-insoluble
cell fractions using Western blot analysis. It was deemed
important to take the approach of cell fractions because we
recently demonstrated that the activated CD40 receptor trans-
locates from the cell membrane (detergent insoluble) to the
cytosolic compartment (detergent soluble) (10). Accordingly,
quiescent monolayers were either treated with vehicle or chal-
lenged with rhs CD154 (100 ng/ml � 1 �g/ml enhancer) for 5
or 10 min as indicated (Fig. 1) and then lysed with a buffer that
contained 1% Brij 58 as detailed under MATERIALS AND METHODS.
The insoluble pellet was dissolved in 0.5% SDS and then
subjected to SDS-PAGE/Western blot analysis using the anti-
Cav-1 antibody. The soluble pellet was analyzed independently
by SDS-PAGE/Western blot analysis. As depicted in Fig. 1, all
the Cav-1 was present in the detergent-insoluble fraction both
in unstimulated and stimulated cells. In parallel experiments,
immunocytochemical staining of intact monolayers detected
Cav-1 primarily in the cell membrane of unchallenged cells
(Fig. 2B, left), and the membrane-staining pattern persisted
through 7 min of CD154 stimulation. Taken together, these
observations suggest that Cav-1 is present in a component of
the cell membrane of both stimulated and unstimulated prox-
imal tubule cells.

Association between CD40 and Cav-1 in human proximal
tubule cells. An early event in CD40 signaling is engagement
by the cytoplasmic domain of the receptor of TRAF proteins

(7, 9, 10, 15). We recently demonstrated that CD40 and
TRAF6 reside in separate detergent-insoluble membrane mi-
crodomains, or rafts, and on activation of CD40 by its cognate
ligand, the two proteins associate with one another probably
via zinc finger domains in the soluble or cytoplasmic compart-
ment (10). To explore whether Cav-1 is involved in CD40
signaling in human proximal tubule cells, coimmunoprecipita-
tion experiments were performed where CD40 immunoprecipi-
tates were subjected to Western blot analysis with an anti-
Cav-1 antibody under unstimulated and rhs CD154-activated
(100 ng/ml � 1 �g/ml enhancer) conditions. The results are
depicted in Fig. 2A. In the unstimulated condition, CD40
coimmunoprecipitated with Cav-1, but at 5 and 10 min follow-
ing CD154 stimulation, Cav-1 could barely be detected in
CD40 immunoprecipitates. In contrast, Cav-1 coimmunopre-
cipitated weakly with TRAF6 in the unstimulated state, but the
association between Cav-1 and TRAF6 was enhanced as a
function of time following CD154 stimulation. These data
suggest that under resting conditions CD40 is located within
caveolae, and with activation the receptor rapidly dissociates
from the scaffold protein, Cav-1. Cav-1, in turn, associates
more strongly with TRAF6 following CD40 activation. The
consequences of these interactions will be analyzed in further
detail.

In parallel experiments, quiescent monolayers were incu-
bated with rhs CD154 (100 ng/ml � 1 �g/ml enhancer) for the
time periods detailed in Fig. 2B, and the Alexa Fluor-tagged
Cav-1 and CD40 antibodies were tracked by confocal micros-
copy. As indicated earlier, under unstimulated (baseline) con-
ditions the anti-Cav-1 antibody tagged by Alexa Fluor 488
(green) was localized primarily to the cell membrane and
cytoplasm immediately adjacent to the cell membrane, and the
anti-CD40 antibody tagged by Alexa Fluor 594 (red) was
localized primarily to the cell membrane as previously reported
by this laboratory (10). Colocalization of these two proteins as
depicted in the overlay photomicrograph (colocalization in
yellow) is evident in the unstimulated or baseline condition. In
rhs CD154-stimulated cells (2 min), the anti-Cav-1-tagged
Alexa Fluor 488 (green) antibody could still be detected in the
cell membrane with some cytosolic distribution. This pattern
persisted through 7 min with increased nonspecific localization
to the cell nucleus. The anti-CD40-tagged Alexa Fluor 594
(red) antibody was less evident in the cell membrane and
distributed throughout the cell as previously reported (10). Of
greater significance is the observation that at 2 min poststimu-
lation, colocalization (yellow) of these two proteins markedly
diminished and could barely be detected at 7 min (Fig. 2B,
right), in keeping with the coimmunoprecipitation experiments
described above. These observations argue that in unstimulated
human proximal tubule cells, the CD40 receptor is configured
in caveolae.

Evaluation of the role of Cav-1 in CD40 signaling in human
proximal tubule cells. To explore whether caveolae form a
scaffolding for components of the CD40 signal transduction
pathways previously described in proximal tubule cells (10),
we examined the subcellular localization of Cav-1, a major
structural protein in caveolae, in further detail, using the
sucrose gradient method (20). Equal aliquots from each of 13
sucrose gradients were subjected to SDS-PAGE/Western blot
analysis using the anti-Cav-1 antibody described above. In the
unstimulated condition, Cav-1 was detected in fractions 4 and

Fig. 1. Subcellular localization of caveolin-1 (Cav-1) in human proximal
tubule cells. Western blot of detergent-insoluble and detergent-soluble (Brij
58) fractions of Cav-1 in control (0 min) and recombinant human soluble (rhs)
CD154 (100 ng/ml � 1 �g/ml enhancer)-treated cells (5 and 10 min). One of
3 similar experiments is shown.
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5 and 8-13 (Fig. 3, top row). After rhs CD154 treatment (100
ng/ml � 1 �g/ml enhancer, 10 min), increased amounts of
Cav-1 were detected in fractions 4 and 5 and also appeared in
fractions 6 and 7 (Fig. 3, second row). Differences in Cav-1
content of fractions 8-13 were difficult to quantify because of
the large amount of Cav-1 detected in these fractions. The key
observations are 1) that Cav-1 was detected in the lower-
density fractions (4 and 5) as described by others (20), and 2)
that following activation of CD40 by its cognate ligand, in-
creased amounts of Cav-1 were detected in fractions 4 and 5.
These findings are indicative of the presence of Cav-1 in
lipid-associated membrane fragments (4 and 5), a characteristic
feature of caveolae (20).

If CD40 and Cav-1 are associated in the resting condition
and then dissociate from one another following ligation of the
receptor, it should be feasible to recapitulate these observations
using the sucrose gradient approach. Accordingly, the above-
described blots were stripped and reprobed with an anti-CD40
antibody. In the unstimulated condition, CD40 was detected in
fractions 3 through 13 with the major bands detected in
fractions 3-5 (Fig. 3, third row). After rhs CD154 treatment
(100 ng/ml � 1 �g/ml enhancer, 10 min), most of the CD40
protein was detected in fractions 12 and 13, with marked
reduction in the amount of protein observed in fractions 3-5
and 9-12, with virtual disappearance from fractions 6-8 (Fig. 3,
bottom row). These observations are in keeping with the

Fig. 2. Association between CD40 and Cav-1 in human prox-
imal tubule cells. A: coimmunoprecipitation of CD40 and Cav-1
(top) and Cav-1 and tumor necrosis factor receptor-activated
factor 6 (TRAF6) (bottom). Monolayers were either challenged
with rhs CD154 (100 ng/ml � 1 �g/ml enhancer) for 5 or 10
min as indicated or left untreated (0 min). Lysates were sub-
jected to immunoprecipitation (IP) using the anti-CD40 or
anti-Cav-1 antibody as shown, and following SDS-PAGE they
were immunoblotted (IB) with either the anti-Cav-1 or TRAF6
antibody as delineated. B: confocal photomicrographs of rhs
CD154-challenged cells. Cells were examined before (baseline)
and 2 and 7 min after challenge with rhs CD154 (100 ng/ml �
1 �g/ml enhancer). The rabbit anti-human anti-CD40 poly-
clonal primary antibody was tagged by an anti-rabbit IgG-
labeled Alexa Fluor 594 (red) and the anti-Cav-1 monoclonal
primary antibody was tagged by an anti-mouse IgG-labeled
Alexa Fluor 488 (green). Colocalization (overlay) is shown in
yellow. One of 3 to 4 similar experiments is shown.

Fig. 3. Subcellular localization of Cav-1 and
CD40 in fractions from human proximal tubule
cells. Vehicle (CD154 �) or rhs CD154 (100
ng/ml � 1 �g/ml enhancer, 10 min)-challenged
monolayers (CD154 �) were disrupted and ap-
plied to a discontinuous sucrose gradient as
described in MATERIALS AND METHODS. Equal
aliquots from each of 13 sucrose gradient frac-
tions were separated by SDS-PAGE followed by
immunoblotting with either an anti-Cav-1 or
anti-CD40 antibody, as indicated. One of 4 sim-
ilar experiments is shown.
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concept that the CD40 receptor is configured in caveolae in
unstimulated proximal tubule cells and dissociates from this
structure with ligation.

To examine whether other components of the CD40 signal-
ing pathway previously identified by this laboratory are also
present in the lipid-associated membrane fragments, fragments
4 and 5 of the cell fractionation assay described above were
pooled and subjected to SDS-PAGE/Western blot analysis
using different specific antibodies. As expected, rhs CD154
stimulation (100 ng/ml � 1 �g/ml enhancer, 10 min) increased
Cav-1 abundance in the delineated fractions (Fig. 4A). TRAF6
could not be detected in these cell fractions under both un-
stimulated and stimulated conditions (Fig. 4A). TRAF2 abun-
dance, on the other hand, decreased following CD154 stimu-
lation (Fig. 4A). Under identical experimental conditions,
SAPK/JNK, p38, and ERK1/2 MAPK abundance decreased
somewhat in the lipid-associated membrane fragments follow-
ing CD40 ligation (Fig. 4B). In the aggregate, these data argue
that in addition to CD40, TRAF2 (but not TRAF6), SAPK/
JNK, p38, and ERK1/2 MAPK are all present in caveolae in
the unstimulated condition in this cell type. As described
previously, TRAF6 resides in a different cell fraction (10).

Functional relevance of caveolae in CD40-associated sig-
naling in human proximal tubule cells. If the association of
Cav-1 with CD40 has functional relevance with regard to
MAPK activation, then disruption of caveolae should blunt or
diminish CD40-mediated SAPK/JNK, p38, and ERK1/2
MAPK activation. A number of different compounds have

been used to disrupt caveolae, of which filipin is possibly the
most widely used (17). Accordingly, monolayers were chal-
lenged with rhs CD154 (100 ng/ml � 1 �g/ml enhancer, 10
min) and MAPK activity was monitored using the appropriate
phospho-activated antibody (Fig. 5A). As previously reported
(10), CD40 ligation stimulates SAPK/JNK, p38, and ERK1/2
MAPK activity in this cell type (lane 1 vs. 2). Filipin (5 �g/ml,
90 min) had no effect on baseline MAPK activity (lane 3).
Filipin totally blocked CD40-mediated SAPK/JNK activity
and blunted p38 and to a lesser extent ERK1/2 activity (lane 4).
A non-phospho-p38 immunoblot is included as a control,
which shows that equal quantities of protein were loaded per
lane and that the effect of filipin was specific. Because CD40-
mediated MCP-1 and IL-8 production are downstream events
of MAPK activation in this cell type (10), disruption of
caveolae should also blunt or diminish CD40-mediated che-
mokine production. CD40 ligation (rhs CD154 100 ng/ml � 1
�g/ml enhancer, 24 h) stimulated MCP-1 production from a
baseline value of 8,814 � 239 to 17,689 � 360 pg/ml (n � 3,
P � 0.001), and filipin (5 �g/ml, 90 min) partially blunted the
response to 14,090 � 244 pg/ml (n � 3, P � 0.05 vs.
stimulated value; Fig. 5B). Filipin itself was without effect in
vehicle-challenged monolayers: 9,395 � 536 pg/ml (n � 3, not
significant vs. baseline value; Fig. 5B). Under similar experi-
mental conditions (Fig. 5C), rhs CD154 increased IL-8 pro-
duction from a baseline value of 2,873 � 296 to 7,660 � 416
pg/ml (n � 3, P � 0.001), and filipin blunted the response to
4,981 � 640 pg/ml (n � 3, P � 0.05 vs. stimulated value).
Unchallenged, inhibitor-treated cells had values similar to the
baseline value: 3,768 � 115 pg/ml (n � 3, not significant vs.
baseline value). These observations argue that intact, func-
tional caveolae are a prerequisite for CD40-mediated chemo-
kine production that proceeds via SAPK/JNK, p38, and
ERK1/2 activation in rhs CD154-stimulated proximal tubule
cells.

In a second approach, a peptide corresponding to the scaf-
folding domain of Cav-1 (fused to a carrier peptide) was
introduced into cells as detailed in MATERIALS AND METHODS. We
rationalized that the peptide would dislodge the relevant sig-
naling proteins from caveolae and thereby disrupt their func-
tion. Accordingly, monolayers were incubated with vehicle or
different concentrations of peptide (1, 10, and 100 �M) for 6 h
and subsequently challenged with vehicle or rhs CD154 (100
ng/ml � 1 �g/ml enhancer) for 30 min. Figure 6A confirms
that the peptide is indeed internalized by the monolayer with
fluorescein visualized in 	80–90% of cells. MAPK activity
was monitored using the appropriate phospho-activated anti-
body (Fig. 6B). A non-phospho-p38 immunoblot is included as
a control, which shows that equal quantities of protein were
loaded per lane and that the effect of the peptide was specific.
As previously demonstrated, CD40 ligation stimulates SAPK/
JNK, p38, and ERK1/2 MAPK activity (lane 1 vs. 2), and 10
�M Cav-1 peptide has little effect on baseline MAPK activity
(lane 3). One hundred-micromolar Cav-1 peptide totally abro-
gated CD40-mediated SAPK/JNK activity and blunted p38 and
to a lesser extent ERK1/2 activity (lane 6). One-micromolar
Cav-1 peptide was essentially without effect (lane 5), whereas
10 �M Cav-1 peptide had a somewhat intermediary effect
(lane 4). MCP-1 (Fig. 6C) and IL-8 (Fig. 6D) production were
measured under similar experimental conditions. CD40 liga-
tion (rhs CD154 100 ng/ml � 1 �g/ml enhancer, 24 h)

Fig. 4. Detection of components of the CD40 signaling pathway in lipid-
associated membrane fragments. Pooled aliquots from fragments 4 and 5 of the
sucrose gradient depicted in Fig. 3 from vehicle (�) or rhs CD154 (100
ng/ml � 1 �g/ml enhancer, 10 min)-challenged monolayers were subjected to
SDS-PAGE followed by immunoblotting. Antibodies directed against Cav-1,
TRAF2, TRAF6, SAPK/JNK, p38, and ERK1/2 were used as indicated. One
of 4 similar experiments is shown.
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stimulated MCP-1 production from a baseline value of 8,098 �
107 to 16,286 � 380 pg/ml (n � 3, P � 0.001), and Cav-1
peptide (100 �M, 6 h) blunted the response to 9,961 � 762
pg/ml (n � 3, P � 0.05 vs. stimulated value; Fig. 6C). Cav-1
peptide itself was without effect in vehicle-challenged mono-
layers: 9,857 � 536 pg/ml (n � 3, not significant vs. baseline
value). rhs CD154 increased IL-8 production from a baseline
value of 7,209 � 368 to 12,460 � 122 pg/ml (n � 3, P �
0.001), and Cav-1 peptide blunted the response to 7,004 � 325

Fig. 5. Inhibition of CD40-evoked SAPK/JNK, p38, and ERK1/2 activation,
and monocyte chemoattractant protein-1 (MCP-1) and IL-8 production by
filipin. Monolayers were incubated with vehicle or filipin (5 �g/ml, 90 min) as
indicated, before challenge with vehicle or ligand (rhs CD154 100 ng/ml � 1
�g/ml enhancer). A: cell lysates were subjected to SDS-PAGE and immuno-
blotted with the phospho or nonphospho antibody as shown. B: MCP-1
measured by ELISA. C: IL-8 production measured by ELISA. One of 3 similar
experiments for each assay is shown.

Fig. 6. Peptide (pep) targeting of Cav-1. Confluent monolayers were incubated
for 6 h with vehicle or 1, 10, or 100 �M peptide corresponding to the
scaffolding domain of Cav-1 detailed in MATERIALS AND METHODS. Monolayers
were subsequently challenged with vehicle or rhs CD154 (100 ng/ml � 1
�g/ml enhancer). A: photomicrograph of internalized Cav-1 peptide (10 �M)
detected with streptavodin-fluorescein as detailed in MATERIALS AND METHODS.
B: cell lysates were subjected to SDS-PAGE and immunoblotted with the
phospho or nonphospho antibody as indicated. C: MCP-1 measured by ELISA.
D: IL-8 production measured by ELISA. One of 3 similar experiments for each
assay is shown.
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pg/ml (n � 3, P � 0.05 vs. stimulated value; Fig. 6D).
Unchallenged, Cav-1 peptide-treated cells had values similar to
the baseline value: 5,244 � 368 pg/ml (n � 3, not significant
vs. baseline value). These observations provide additional
evidence that functional caveolae are a prerequisite for normal
CD40 signaling in human proximal tubule cells.

Specificity of peptide targeting of Cav-1. To ensure that the
introduced peptide did not disrupt cell function in a nonspecific
manner, EGF receptor (EGFR) tyrosine phosphorylation by
EGF was examined in parallel experiments. The results are
shown in Fig. 7A. EGF (100 ng/ml, 10 min) markedly in-
creased EGFR tyrosine phosphorylation (lane 1 vs. 2), and
Cav-1 peptide (1, 10, and 100 �M for 6 h) had no effect on this
response. A non-phospho-p38 immunoblot is included as con-
trol, which confirms that equal quantities of protein were
loaded per lane. Furthermore, EGF-mediated ERK1/2 activa-
tion was not blunted by the presence of the peptide (Fig. 7B).
These data provide specificity to the effect of the peptide on
CD40-mediated MAPK signaling (see DISCUSSION) and negate
any nonspecific effect that peptide introduction might have on
cell function.

DISCUSSION

The results presented demonstrate that Cav-1 can be de-
tected exclusively in the cell membrane (detergent insoluble)
component of resting and CD40-activated human proximal
tubule cells (Fig. 1) and that under unstimulated conditions
CD40 is located within caveolae (Figs. 2–4). With stimulation
by its cognate ligand CD154, CD40 dissociates from Cav-1
(Figs. 2 and 3). In addition, CD40, together with other key
components of the CD40 signaling pathway (SAPK/JNK, p38,
ERK1/2) but not TRAF6, is present in caveolae (Fig. 4).
Disruption of caveolae by filipin (Fig. 5) or dislodgment of
signaling proteins from their scaffolding (Fig. 6) results in

diminished CD40-mediated MAPK activation and MCP-1 and
IL-8 production, arguing that there is functional relevance to
intact caveolae with regard to CD40-associated downstream
events. Finally, dislodgment of CD40-mediated signaling pro-
teins from their scaffolding is specific because EGF-mediated
EGFR phosphorylation and ERK1/2 activation proceed unin-
terrupted in the presence of the peptide (Fig. 7).

The detection of Cav-1 in lipid-associated low-density mem-
brane fragments is indicative of the presence of caveolae (20).
With the use of the sucrose gradient approach described earlier,
Cav-1 was detected in fractions 4 and 5 in the unstimulated
condition with increased amounts detected following CD40
ligation (Fig. 3). Interestingly, Cav-1 was also detected in large
amounts in high-density lipid-insoluble fragments under both
conditions. This observation indicates that human PTCs pos-
sess large amounts of Cav-1 and that not all Cav-1 is associated
with lipid-rich microdomains or rafts. The relevance of this
observation will require further work in the future.

To the best of our knowledge, this is the first report dem-
onstrating involvement of caveolae in CD40 signaling in hu-
man renal epithelial cells. Indeed, there is a paucity of and
somewhat conflicting data implicating lipid rafts in CD40
signaling in other cell types. For example, membrane rafts have
been shown to play an integral role in the proximal events of
CD40 signaling in human monocyte-derived dendritic cells
(24). On the other hand, CD40 is excluded from the lipid rafts
of both mature and immature B cells (11). Of much interest is
a recent publication implicating the transmembranous domain
of the CD40 receptor as being crucial both for clustering into
lipid rafts and effective CD40 signaling (3). Because CD45 is
known to be excluded from lipid rafts, the investigators con-
structed a CD40/CD45 chimera. Normal ligand binding was
confirmed by flow cytometry. Chimeric CD40/CD45 receptors
transfected into T cells failed to cluster and were unable to
activate MAPK signaling pathways in contradistinction to the

Fig. 8. Schema of proposed involvement of caveolae in CD40 signaling in
human renal proximal tubule epithelial cells. In the unstimulated condition,
CD40, SAPK/JNK, p38, and ERK1/2 are anchored to Cav-1. TRAF6 resides
in a separate membrane domain. With ligation, CD40 engages TRAF6,
whereas SAPK/JNK, p38, and ERK1/2 dissociate from Cav-1. Simultaneously,
TRAF6 associates with Cav-1 presumably to facilitate recycling into their
respective membrane microdomains. SAPK/JNK and p38 are activated by
TRAF6, whereas ERK1/2 activation occurs independently of TRAF6 (10).

Fig. 7. Specificity of effect of peptide targeting of Cav-1. Confluent mono-
layers were incubated for 6 h with vehicle or 1, 10, or 100 �M peptide
corresponding to the scaffolding domain of Cav-1 detailed in MATERIALS AND

METHODS. Monolayers were subsequently challenged with vehicle or epidermal
growth factor (EGF; 100 ng/ml, 10 min). Cell lysates were subjected to
SDS-PAGE and immunoblotted with an anti-phospho-EGF receptor antibody
(A) or an anti-phospho-ERK1/2 antibody (B). p38 Immunoblots were included
as a control. One of 3 similar experiments for each condition is shown.
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wild-type CD40 receptor. Implicit in this observation, although
not stated, is that caveolae were involved. Our approach
differed somewhat in that we introduced a peptide correspond-
ing to the scaffolding domain of Cav-1 (5, 14) known to
recognize a diverse group of signal transducer and demonstrate
that MAPK activation and downstream IL-8 and MCP-1 pro-
duction were either obviated or blunted (Fig. 6). Based on these
observations, it seems reasonable to conclude that lipid rafts of
the caveolae variety are a prerequisite for normal CD40 sig-
naling in human PTCs.

It might be argued that introduction of the peptide targeting
the scaffolding domain of Cav-1 may have a nonspecific effect
on cell function. Several lines of evidence would suggest that
this indeed is not the case. First, identical amounts of p38
MAPK were detected in all specimens (Figs. 6B and 7).
Second, MAPK activities were blunted in a concentration-
dependent manner (Fig. 6B). Third, EGF-mediated tyrosine
phosphorylation of the EGFR and ERK1/2 proceeded indepen-
dent of the concentration of peptide introduced into the cell
(Fig. 7, A and B). In this regard, it has been demonstrated that
the EGFR is localized within caveolae along with its down-
stream signaling molecules (5, 12, 19). Interestingly, in mes-
angial cells, endothelin-1 (ET-1)-mediated ERK1/2 transacti-
vation via the EGFR was disrupted by cholesterol depletion
using filipin and 
-cyclodextrin yet EGF-mediated tyrosine
phosphorylation of the EGFR was not impacted (8). In addi-
tion, the peptide targeting the Cav-1 scaffolding domain di-
minished ET-1 transactivation of ERK1/2. EGF-induced ty-
rosine phosphorylation of the EGFR in this setting was not
reported. Along similar lines, in vascular smooth muscle cells,
cholesterol depletion significantly inhibited ANG II-mediated
EGFR tyrosine phosphorylation and protein kinase B (PKB)/
Akt transactivation via the EGFR, yet the identical maneuver
had no impact on EGF-mediated EGFR tyrosine phosphoryla-
tion and PKB/Akt transactivation, leading the authors to con-
clude that transactivated EGFRs localize in focal adhesions
(22). Whether EGFRs are located in focal adhesions in PTCs is
currently not known, but it was beyond the scope of this
investigation.

Although key CD40 signaling proteins including SAPK/
JNK, p38, and ERK1/2 MAPK appear to be present in caveolae
in this cell type and dissociate from this structure with ligation
of the receptor (Fig. 4), TRAF6 does not appear to be present
in this membrane component in both the unchallenged and
CD40-stimulated condition. As a control, we examined another
protein of this group, namely, TRAF2, which has been shown
by others to be involved in CD40 signaling (6, 15). Similar to
the signaling proteins detailed above, and unlike TRAF6,
TRAF2 was detected in unchallenged cells in the membrane
fragments containing caveolae and dissociated from this frag-
ment with ligation of the receptor (Fig. 4). We have not yet
examined in further detail the consequence of CD40 engage-
ment of TRAF2 in human proximal tubule cells. However, the
observation that TRAF6 could not be identified in the cell
fraction containing caveolae, yet is a necessary prerequisite for
the activation of SAPK/JNK and p38 MAPK in this cell model
(10), is in keeping with our previous observation, namely, that
CD40 and TRAF6 reside in separate membrane microdomains
and on activation translocate and associate with one another in
the cytoplasmic compartment (10).

Figure 8 is a proposed schema for the involvement of
caveolae in CD40 signaling in human renal PTCs and summa-
rizes our observations in this regard. CD40 together with
SAPK/JNK, p38, and ERK1/2 MAPKs are anchored to Cav-1
in the unstimulated condition. TRAF6 is not located in caveo-
lae but as previously shown (10) resides in a separate mem-
brane microdomain. With ligation of the receptor, CD40 en-
gages TRAF6. SAPK/JNK, p38, and ERK1/2 MAPKs disso-
ciate from Cav-1. TRAF6 stimulates SAPK/JNK and p38
MAPK activities but is not involved in ERK1/2 MAPK acti-
vation (previously shown in Ref. 10). Cav-1 and TRAF6
associate with one another, presumably for recycling to their
respective membrane microdomains.
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