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Caveolin-1 has been implicated in apical transport of glycosylphosphatidylinositol (GPI)-anchored proteins
and influenza virus hemagglutinin (HA). Here we have studied the role of caveolin-1 in apical membrane
transport by generating caveolin-1-deficient Madin-Darby canine kidney (MDCK) cells using retrovirus-
mediated RNA interference. The caveolin-1 knockdown (cavl-KD) MDCK cells were devoid of caveolae. In
addition, caveolin-2 was retained in the Golgi apparatus in cavl-KD MDCK cells. However, we found no
significant alterations in the apical transport kinetics of GPI-anchored proteins or HA upon depletion of
caveolin-1. Similar results were obtained using embryonic fibroblasts from caveolin-1-knockout mice. Thus, we
conclude that caveolin-1 does not play a major role in lipid raft-mediated biosynthetic membrane trafficking.

The plasma membrane of polarized epithelial cells is segre-
gated into two distinct domains, the apical and basolateral
membranes, separated by tight junctions. The apical surface
faces the lumenal space, whereas the basolateral surface is
formed between the neighboring cells and the underlying basal
lamina. Communication with the environment at these two
interfaces requires different machineries and therefore the
protein and lipid compositions of the apical and basolateral
membranes are different. This polarity is established and main-
tained by dynamic membrane trafficking and signaling net-
works (11, 36, 39, 53, 58).

Polarized membrane trafficking is mediated by specific sort-
ing determinants on the cargo proteins. Tyrosine- and
dileucine-based amino acid motifs located on the cytoplasmic
domains govern the targeting of basolateral membrane pro-
teins (38). Apical signals seem to be more diverse. Apical
targeting information has been located to lipid modifications,
transmembrane domains, N- and O-glycans as well as to cyto-
plasmic or exoplasmic short amino acid motifs (36, 53, 58).

According to the current models of protein sorting at the
trans-Golgi network, the assembly of adaptor-protein com-
plexes drives the formation of basolateral transport containers,
whereas clustering of lipid rafts into sorting platforms gener-
ates apical transport carriers (53, 58). Lipid rafts are sphingo-
lipid- and cholesterol-based liquid-ordered membrane mi-
crodomains which are able to recruit and exclude proteins and
lipids based on their physicochemical properties (59). Al-
though the important role of raft domains in apical sorting is
recognized, the protein machinery and the clustering mecha-
nism operating at the trans-Golgi network are not understood.

The lipid raft model relies on raft organizer proteins which
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cross-link raft components. A putative lectin cross-linker has
been proposed to cluster rafts at the trans-Golgi network by
binding to glycoproteins and/or glycolipids (19). Such a role
has been suggested for VIP36, although its localization is re-
stricted to the early secretory pathway (18, 22). In addition,
galectin-4 was recently shown to be required for efficient sur-
face delivery of apical proteins in enterocyte-like cells (7). An
alternative way to cluster rafts would be via homo- or hetero-
oligomerization of raft-resident proteins. For example, VIP17/
MAL (5, 50) and MAL2 (8), two members of the large tet-
raspanin family, and annexin 13b (12, 27), a member of the
annexin family of proteins, have been implicated in apical
transport, although their mechanistic roles have not been fully
elucidated.

Caveolins are cholesterol-binding integral membrane pro-
teins which acquire raft association while forming high-molec-
ular-weight complexes during their transport along the secre-
tory pathway (34, 37, 56). At the plasma membrane,
oligomerized caveolin-1, typically as a hetero-oligomer to-
gether with the related caveolin-2, constitute a scaffold for a
specialized invaginated raft domain-forming caveolae (17, 54).
These membrane structures can function as transport carriers
and as signaling platforms (6, 31, 45). The proposed role of
caveolin-1 in biosynthetic apical trafficking stems from a series
of observations. (i) Caveolin-1 (VIP21) was identified from two
sources, trans-Golgi network-derived vesicular preparation
from polarized epithelial cells (25) and caveolae (54). (ii) Ap-
plication of caveolin-1 antibodies into permeabilized Madin-
Darby canine kidney (MDCK) cells inhibited apical (influenza
virus hemagglutinin) but not basolateral (vesicular stomatitis
virus G protein) transport (56). (ili) More recently, severe
defects were reported in the surface delivery of glycosylphos-
phatidylinositol (GPI)-anchored proteins in immortalized
mouse embryonic fibroblasts (MEFs) derived from caveolin-1-
knockout (cavl-KO) mice (60). Nonetheless, such an essential
role for caveolin-1 in raft-mediated membrane trafficking has
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been challenged by the relatively mild phenotypes reported for
cavl-KO mice (10, 52).

Here we have clarified the role of caveolin-1 in apical trans-
port by characterizing caveolin-1-deficient MDCK cells gener-
ated using a retrovirus-mediated RNA interference (RNAi)-
methodology. This approach allows us to follow the effects of
caveolin-1 depletion in a well-characterized polarized cell
model. Importantly, by following retrovirus-transduced popu-
lations of caveolin-1-knockdown (cavl-KD) cells shortly after
the loss of caveolin-1 expression, we minimize any bias result-
ing from lengthy selection procedures for producing stable
transfectants. In agreement with the essential role of caveo-
lin-1 in the biogenesis of caveolae, we found that cavl-KD
MDCK cells lacked caveolae. In addition, the localization of
caveolin-2 at the plasma membrane was perturbed and it ac-
cumulated in the Golgi complex instead. However, the surface
expression of a number of other polarized membrane markers
was normal in cavl-KD cells. Moreover, the kinetics of biosyn-
thetic apical transport of the influenza virus hemagglutinin
(HA) and the GPI-anchored marker proteins were similar in
control and in caveolin-1-depleted cells. Our results strongly
suggest that caveolin-1 found in apical transport carriers is
there as a cargo and not as an essential component of the
raft-based apical transport machinery.

MATERIALS AND METHODS

Antibodies and expression constructs. The polyclonal caveolin-1 N20 antibody
was from Santa Cruz Biotechnology. Mouse monoclonal antibodies against pla-
cental alkaline phosphatase (PLAP) (62), E-cadherin (21), gp114 and gp58 (2),
and rabbit polyclonal antibody against caveolin-2 (56) were raised in our labo-
ratory. The hybridoma cell line 3F2 secreting antibody against gp135/podocalyxin
(41), was provided by G. Ojakian (State University of New York Downstate
Medical Center, Brooklyn, NY) and A. Muesch (Cornell University, Ithaca, NY).
Mouse antigiantin antibody (29) was a kind gift from H. P. Hauri (Biozentrum,
University of Basel, Switzerland). Alexa-546-conjugated aerolysin mutant (Al-
exa-546-ASSP) (14) was provided by F. G. van der Goot (University of Geneva,
Switzerland). Mouse antitransferrin antibody was purchased from Zymed
(Zymed Laboratories Inc.). Rabbit anti-Tamm-Horsfall protein antibody was
from Chemicon (Chemicon Europe). Secondary antibodies were from Jackson
Immunoresearch Laboratories Inc.

A full-length cDNA of canine caveolin-2 was obtained from an MDCK ¢cDNA
library and fused to the 3’ end of enhanced green fluorescent protein (EGFP)
c¢DNA to generate a green fluorescent protein (GFP)-cav2 fusion construct. The
GFP-cav2 fusion construct and PLAP cDNA (a kind gift from D. Brown) (4)
were subcloned into the pShuttle-CMYV expression vector (Stratagene). Recom-
binant adenoviruses were generated using the AdEasy adenoviral system (Strat-
agene) according to the manufacturer’s instructions.

Cell culture. MDCK strain II and MDCK II-PLAP cells were maintained in
Earle’s minimal essential medium (PAA Laboratories) supplemented with 2 mM
L-glutamine (Gibco BRL, Invitrogen), 100 U/ml penicillin, 100 pg/ml strepto-
mycin (Gibco BRL) and 5 to 10% fetal calf serum (PAA Laboratories). Mouse
embryonic fibroblasts were prepared from 13.5-day postcoitus embryos obtained
by homozygous crossing of wild-type or cavl-KO mice. Primary cells were grown
in Dulbecco’s modified Eagle’s medium with high glucose (Gibco BRL) supple-
mented with L-glutamine, penicillin/streptomycin, and 10% fetal calf serum.
MEFs were immortalized by passaging them continuously, according to the 3T3
protocol, until the growth rates of immortalized cells reached the rates of early-
passage (<5) primary cells. The Phoenix gag-pol retroviral packaging cell line
(http://www.stanford.edu/group/nolan/retroviral_systems/phx.html; obtained
from the American Type Culture Collection with authorization by Garry Nolan,
School of Medicine, Stanford University, Stanford, CA) was kept in high-glucose
Dulbecco’s modified Eagle’s medium (Gibco BRL) containing L-glutamine, pen-
icillin/streptomycin, and 10% fetal calf serum.

Generation of caveolin-1-KD cells by retrovirus-mediated RNAi. A target
sequence (AAG ATG TGA TTG CAG AAC CAG) corresponding to nucleo-
tides 206 to 226 of canine caveolin-1 coding sequence (gi:50979109) was selected.
Annealed oligonucleotides (Cavl-KD-sense: 5'-GAT CCC CGA TGT GAT
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TGC AGA ACC AGT TCA AGA GAC TGG TTC TGC AAT CAC ATC TTT
TTG GAA A-3"; Cavl-KD antisense: 5'-AGC TTT TCC AAA AAG ATG TGA
TTG CAG AAC CAG TCT CTT GAA CTG GTT CTG CAA TCA CAT CGG
G-3'; Sigma Genosys) were cloned into an RVH-1-puro retroviral vector and
recombinant knockdown viruses were generated as described previously (57).
Subconfluent MDCK strain I cells were trypsinized and 5 X 10 cells in 3 ml of
complete MEM (5% fetal calf serum) supplemented with 4 pg/ml of hexad-
imethrine bromide (Polybrene, Sigma) were seeded onto a 3.5-cm-diameter
culture dish (Corning Costar). On the next day, medium was aspirated and 1 ml
of control or cavl-KD virus-containing precleared supernatant from Phoenix
cells was added. Hexadimethrine bromide (4 pg/ml) was added to virus prepa-
rations before use. One hour later 1 ml of fresh complete MEM (5% fetal calf
serum) was added and incubation was continued for 8 to 12 h. Infection was
repeated once, after which cells were trypsinized and reseeded into MEM con-
taining 4 wg/ml of puromycin (BD Biosciences) to select retrovirus-transduced
cells (transduction efficiency was 50 to 80%). Maximum knockdown efficiencies
were obtained after 2 to 3 days of puromycin selection and the resulting stable
KD cell populations were used for experiments for up to 2 weeks without any
significant drop in the knockdown efficiency. Knockdown efficiency during the
culturing of the KD cells was analyzed by reverse transcription-PCR as described
previously (57).

Adenoviral infection. MDCK II cells grown on 12-mm Transwell filters were
washed twice with PBS™ (phosphate-buffered saline without Ca*>* and Mg>*)
and incubated for 10 min in PBS™. Three to five microliters of OPTIPREP
(Axis-Shield) gradient-purified adenovirus in adenovirus storage buffer (5 mM
Tris pH 8.0, 50 mM NaCl, 0.05% bovine serum albumin, 60% glycerol) was
diluted to 150 pl with OPTIMEM (Gibco BRL) supplemented with L-glutamine.
Virus was added onto apical side (basolateral side was left empty), cells incu-
bated at 37°C for 1 h followed by an addition of 500 pl and 1500 pl of complete
MEM to apical and basolateral chambers, respectively.

Plastic grown cells were washed once with OPTIMEM supplemented with
L-glutamine, virus was added in a small volume of OPTIMEM, cells incubated at
37°C for 1 h, and finally complete medium was added.

Electron microscopy. We punched 1.5-mm circles from polarized filter grown
cells. They were immersed and rapidly frozen in 20% bovine serum albumin in
medium using an EMPACT2+RTS high-pressure freezing system (Leica Micro-
systems). This machine contains an automatic transfer system to facilitate load-
ing and freezing and hence gives very reproducible results. The frozen samples
were freeze-substituted in acetone containing 1% osmium tetroxide and 0.1%
uranyl acetate using an automatic freeze substitution (Leica Microsystems) and
afterwards embedded in Epon. Ultrathin sections were counterstained according
to standard procedures. Immunoelectron microscopy was performed as de-
scribed previously (56). Caveolae were quantified on immunolabeled sections
mainly based on the criteria described in (28). To distinguish caveolae from other
membrane invaginations, we added a more stringent criterion, namely that a
caveolar profile that was open to the plasma membrane also had to be immu-
nolabeled for caveolin-1.

Immunofluorescence microscopy. For immunofluorescence, MDCK II cells
were washed once with PBS containing 0.9 mM Ca®* and 0.5 mM Mg>* (PBS™)
and fixed by incubating for 20 min in PBS containing 4% paraformaldehyde
(Sigma). After one wash with PBS, remaining paraformaldehyde was quenched
by incubating cells for 20 min in PBS/200 mM glycine (Sigma). When indicated,
cells were permeabilized either in PBS/0.1% Triton X-100 (Sigma) or PBS/0.1%
saponin (Sigma) for 10 min. Nonspecific binding was blocked in PBS/0.1% fish
skin gelatin (Sigma)/0.5% bovine serum albumin (Sigma) for 20 min.

Cells were incubated 45 min with primary antibodies (diluted 1:100 into block-
ing solution for anti-cav-1, gp58, PLAP, giantin, and podocalyxin, 1:50 for anti-
E-cadherin and gp114), washed extensively in PBS, incubated 30 min with 1:500
dilutions of fluorophore-conjugated secondary antibodies, washed in PBS, and
mounted on slides with Moviol. Images were acquired with either Leica TCS SP2
(Leica Microsystems; using a 63X HCX PL APO oil immersion objective NA
1.32) or Zeiss LSM 510 (Carl Zeiss Inc.; using a 63X C-Apochromat water
immersion objective NA 1.2 or a 100X Plan Apochromat oil, NA 1.4) laser
scanning confocal microscopes.

Immunohistochemistry. Four-micron-thick paraffin sections, layered on si-
lane-coated slides, were used for immunohistochemical staining with primary
rabbit antibodies against Tamm-Horsfall protein (diluted 1:400). Prior to immu-
nostaining using the Vectastain Elite kit (Vector/Alexis, Grunberg, Germany),
the sections were treated with 10 mM sodium citrate buffer (pH 6.0) in a
microwave (750 W, twice for 5 min each). Endogenous peroxidase in the tissue
was blocked by incubation in PBS containing 1% H,0O,. Nonspecific binding sites
were blocked with 10% goat serum in PBS (15 min at room temperature).
Following the incubation with the primary antibody (1 h, 37°C), the sections were
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washed with PBS and incubated with the biotinylated secondary antibody (30
min, 37°C) and with the ABC complex (30 min, 37°C). Following further washes
with PBS, bound ABC complexes were detected with 0.06% diaminobenzidine
tetrahydrochloride in PBS. The sections were counterstained with hematoxylin.
Controls for immunospecificity were included in all experiments by omission of
the primary antibody and its replacement by phosphate-buffered saline and
matching concentrations of normal rabbit serum (data not shown).

Trans-Golgi network-to-surface transport of influenza virus hemagglutinin.
The transport assay to detect the surface arrival of fowl plague virus hemagglu-
tinin (HA) by trypsin cleavage was performed as previously described (32, 64).
Briefly, control and cavl-KD cells, grown for 3 days on 12-mm Transwell filters,
were infected with fowl plague virus. Four hours later, cells were washed twice
with PBS*, once with starvation medium (EMEM without methionine and
cysteine, PAA Laboratories), followed by 15 min incubation in starvation me-
dium. Cells were pulsed with 20 pCi of [**S]methionine for 8 min, washed and
incubated at 19.5°C for 75 min to accumulate the biosynthetic cargo at the
trans-Golgi network, and finally chased for the indicated times at 37°C. Apical
surface-exposed HA was cleaved by adding trypsin (0.1 mg/ml) to the apical side
and incubating on ice for 30 min. Soybean trypsin inhibitor (1 mg/ml) was added
followed by 5 min incubation, two PBS* washes, and cell lysis in TNE lysis buffer
(10 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA, 2% NP-40). Full-length
and cleaved HA bands were separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE) and quantified using a Fuji BAS-1800
phosphorimager. The apical transport index is determined with the equation
[apically cleaved HA/(full-length HA + apically cleaved HA)].

Cell surface biotinylation of PLAP. MDCK II cells grown in 12-mm Transwell
filters were washed twice with PBS™ and once with starvation medium followed
by 15 min incubation in starvation medium. Cells were labeled for 20 min with 20
wCi of [**S]methionine (Amersham Biosciences) and chased for the indicated
times. After washing with ice-cold PBS™ cell surface biotinylation was performed
on ice for 1 h in 0.5 mg/ml of sulfo-NHS-LC-biotin (Pierce) in PBS™. Cells were
quenched with two incubations in MEM complete (5% fetal calf serum), washed
in PBS™ and lysed in TNE lysis buffer. PLAP was immunoprecipitated from the
cleared lysate using 2 pl of polyclonal PLAP antibody followed by addition of
protein G-Sepharose beads. Immunocomplexes were washed three times with
lysis buffer and disrupted by boiling for 2 min in 80 wl of lysis buffer containing
1% SDS. Samples were diluted to 800 pl and biotinylated proteins were precip-
itated using streptavidin-Sepharose beads (Roche Diagnostics). Samples were
subjected to SDS-PAGE, gels were dried and surface exposed, and total PLAP
signals were quantified using a phosphorimager.

RESULTS

Retrovirus-mediated RNAI of caveolin-1 in MDCK cells. To
clarify the role of caveolin-1 in apical transport in MDCK cells
we generated cavl-KD MDCK cells by using a retrovirus-
mediated RNAi method recently set up in our laboratory (57).
In the resulting cavl-KD MDCK cell population, the caveo-
lin-1 mRNA expression was reduced by 90 to 95%, as mea-
sured by real-time PCR. In agreement with the observed
mRNA depletion, the protein levels of caveolin-1 in cavl-KD
cells were about 5% of those expressed in control cells (Fig. 1).
MDCK cells infected with a retrovirus containing an empty
short hairpin RNA expression cassette were used as a control
in most experiments. To ensure that expression of a short
hairpin RNA per se does not induce any nonspecific effects, an
additional control virus was used in some experiments (for
example, ultrastructural analysis by electron microscopy). This
control virus expressed an short hairpin RNA targeted against
another cellular protein than caveolin-1. No differences were
observed between these two control cell populations in any of
the assays used.

In previous studies in caveolin-1 knockout (cavl-KO) mice,
a concomitant strong decrease in the caveolin-2 protein levels
was observed (10, 52). We also noted a reduction in the caveo-
lin-2 protein levels in cavl-KD MDCK cells (Fig. 1). The
mRNA levels of caveolin-2 were not affected in cavl-KD
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FIG. 1. Depletion of caveolin-1 expression in MDCK cells by ret-
rovirus-mediated RNAI. (A) Lysates from puromycin-selected control
and cavl-KD cells were analyzed for expression of caveolin-1. Trans-
ferrin receptor (TfR) was used as a loading control. Two dilutions of
the control lysate (25% and 5% of total) were loaded to allow an
estimation of the remaining caveolin-1 protein levels in cavl-KD cells.
(B) Expression of caveolin-2 in control and in cavl-KD cells. The data
shown is representative of several independent experiments.

MDCK cells (data not shown) indicating that the down-regu-
lation of caveolin-2 protein expression was due to a posttrans-
lational effect as reported previously (10, 52).

Cav-1 depleted MDCK cells lack caveolae but are able to
polarize. MDCK cells are one of the best-studied polarized cell
models whose morphology and polarized characteristics have
been extensively delineated. To analyze the cavl-KD MDCK
cells further, we next examined the ultrastructure of filter-
grown (3 days) cells by electron microscopy. Numerous caveo-
lar structures, either with an opening to the plasma membrane
or located just underneath the surface, were readily visible at
the lateral membranes of control cells (Fig. 2A). On the con-
trary, cavl-KD MDCK cells were almost devoid of such struc-
tures (Fig. 2A).

Because cavl-KD cells still expressed low levels of caveo-
lin-1, it could be possible that these remaining caveola-like
profiles were real caveolae. To further investigate this we per-
formed a quantitative immunoelectron microscopy for caveo-
lin-1. To unequivocally assign a caveola-like invagination as a
caveola we only quantitated those profiles that also contained
label for caveolin-1 (Fig. 2B).

Although caveolae were frequently detected in the control
cells, none were found in the cavl-KD cells (Fig. 2B). These
findings are in agreement with the reported role of caveolin-1
as an essential component of the caveolar coat (10, 35, 43, 52)
and that certain threshold levels of caveolin-1 protein are re-
quired for formation of caveolae (15). Although caveolae were
absent, the cavl-KD MDCK cells had otherwise a normal
polarized phenotype as assessed by the general ultrastructural
analysis. Cav1-KD cells were as tall as the control cells (~10 to
12 pm) and had morphologically normal tight junctions (data
not shown).
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FIG. 2. Cavl-KD MDCK cells lack caveolae. (A) Electron micrographs of the basolateral membrane of control and cavl-KD MDCK cells.
Control cells displayed several caveolar profiles open to the plasma membrane (big arrows) and just underneath the plasma membrane (small
arrows). Cavl-KD cells, on the contrary, only seldom displayed an uncoated membrane invagination (big arrow). Arrowhead points to a
clathrin-coated invagination. (B) Electron micrographs of immunolabeling for caveolin-1 and quantitation of the caveolae open to the plasma
membrane in control and in cavl-KD cells. In control cells, caveolin-1 label was found on caveola-like invaginations at the plasma membrane. In
cav-1 KD cells, no labeling of plasma membrane invaginations was observed. The number of caveolae per um membrane length is depicted (mean
+ standard error of the mean). PM = plasma membrane. Scale bar = 1 pm in A, 500 nm in B.

To examine the polarity of filter-grown cavl-KD cells in
more detail, we analyzed the steady-state distribution of se-
lected membrane markers. As basolateral markers we used
gp58 and E-cadherin and as apical markers we used gp114 and
podocalyxin/gp135 (33) in MDCK cells and placental alkaline
phosphatase (PLAP) in MDCK-PLAP cells stably expressing
GPI-anchored PLAP. All of these markers were correctly lo-
calized to their target membranes (Fig. 3). Thus, no gross
defects were observed in the overall polarity of cavl-KD
MDCK cells.

Caveolin-2 accumulates in the Golgi apparatus in cavl-KD
MDCK cells. The surface delivery of caveolin-2 has been re-

ported to depend on caveolin-1 function. In the absence of
caveolin-1, caveolin-2 is retained intracellularly (35, 43). Exog-
enous expression of caveolin-1 in these cells results in plasma
membrane targeting of caveolin-2. In addition, overexpression
of a dominant-negative mutant of caveolin in MDCK cells
inhibits the surface transport of caveolin-2 (28). Therefore, we
examined whether caveolin-2 localization was affected in
cavl-KD MDCK cells. In control cells, endogenous caveolin-2
was found at the plasma membrane and at the perinuclear
region close to, but distinct from, the Golgi apparatus (Fig.
4A).

In the cavl-KD MDCK cells, on the other hand, the vast
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FIG. 3. Confluent cavl-KD MDCK cells form a polarized monolayer. Three-day-old filter-grown cultures of control and cavl-KD MDCK cells
or MDCK-PLAP cells were fixed and permeabilized with Triton X-100 and the polarized distribution of apical (pcx, gp114, PLAP) and basolateral
(p58, E-cadherin) membrane markers was analyzed by immunofluorescence. All of the apical and basolateral markers tested were correctly

localized to their target membranes in cavl-KD cells.

majority of the caveolin-2 staining was found to extensively
colocalize with giantin, a Golgi marker, whereas the plasma
membrane pool of caveolin-2 was strongly reduced (Fig. 4A).
This phenomenon was even more prominent when an adeno-
virus expressing canine caveolin-2 fused to GFP (GFP-cav2)
was used to follow the biosynthetic delivery of caveolin-2. Six-
teen hours after infection, caveolin-2 colocalized with caveo-
lin-1 at the basolateral membrane in the control cells (Fig. 4B
and C). In addition, a small intracellular pool of EGFP-cav2
was observed. In cavl-KD cells, essentially no GFP-cav2 was
delivered to the plasma membrane during the 16 h following
the infection and the GFP-cav2 was found in the Golgi appa-
ratus instead (Fig. 4B and C). Thus, caveolin-2 fails to enter
the basolateral trafficking pathway in caveolin-1-depleted
MDCK cells and is retained in the Golgi. Taken together, our
observations validate the use of these cells as a true caveolin-
1-negative model system.

Kinetics of apical transport are not affected in Cav-1-de-
pleted MDCK cells. In contrast to the proposed role of caveo-
lin-1 as a key component of the apical transport machinery, all
of the apical membrane markers tested, including the GPI-
anchored PLAP, were correctly polarized in filter-grown
cavl-KD MDCK cells. Nevertheless, a transient perturbation
in apical transport might be overlooked in such a steady-state
assay. To analyze the kinetics of apical transport, we used a
well-established hemagglutinin transport assay. This quantita-
tive assay measures the surface arrival of an apically targeted
HA envelope protein of influenza virus. The same assay was
also used in the previous study where caveolin-1 antibodies
were shown to inhibit HA-transport in MDCK cells (56). How-
ever, we did not observe any kinetic differences in the surface
arrival of HA in control and in cavl-KD cells (Fig. SA). Dis-
ruption of microtubular networks by nocodazole-treatment, on
the other hand, effectively perturbed apical transport as ex-
pected (20, 26). Because of the very similar kinetics of HA
transport in control and in cav1-KD cells it is unlikely that HA
in cavl-KD cells would reach the apical surface via another
pathway, such as transcytosis.

To study the kinetics of GPI-anchored protein transport we
infected control and cavl-KD MDCK cells with a PLAP-ex-
pressing adenovirus. Cells were metabolically labeled and the
surface transport of PLAP was quantitated using a surface
biotinylation assay. In line with our observations from the HA
transport assay, we found that the transport kinetics of PLAP
were similar in control and in cavl-KD cells (Fig. 5B). In
addition, no significant differences were seen when another
GPI-anchored marker, yellow fluorescent protein fused to a
GPI-anchor (YFP-GL-GPI) (24) was used (data not shown).
Thus, our data demonstrate that caveolin-1 is not required for
the efficient surface delivery of HA or of GPI-anchored pro-
teins in MDCK cells.

Surface expression of GPI-anchored proteins in Cavl-KO-
derived mouse embryonic fibroblasts. A previous study re-
ported a block in the surface delivery of GPI-anchored pro-
teins in cells derived from the cavl-KO mice (60). To assess the
contribution of the different cell types, we analyzed the trans-
port kinetics of PLAP in immortalized mouse embryonic fibro-
blasts derived from cavl-KO mice (10). MEFs were infected
with PLAP-adenovirus and analyzed by immunofluorescence
without permeabilization to specifically label PLAP on the cell
surface. In accordance to our data from cavl-KD MDCK cells,
we observed a robust PLAP signal on the cell surface of
cavl-KO MEFs (Fig. 6A). Similar results were observed in
primary MEF cultures and in primary lung fibroblasts isolated
from cavl-KO mice (data not shown). Exposure of PLAP at
the cell surface was confirmed by a surface biotinylation ex-
periment in pulse-labeled MEFs (Fig. 6B).

To confirm that also the endogenous GPI-anchored proteins
are delivered to the cell surface we employed the properties of
aerolysin, a bacterial toxin that binds to GPI-anchors (9). We
used a fluorophore-conjugated non-pore-forming mutant of
aerolysin (Alexa-546-ASSP) (14) to label the GPI-anchored
proteins. In permeabilized wild-type (wild-type) and cavl-KO
MEFs, perinuclear, as well as plasma membrane staining was
observed (Fig. 6C). When we probed unpermeabilized wild-
type and cavl-KO MEFs with Alexa-546-ASSP, in both cases a
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FIG. 4. Caveolin-2 is retained in the Golgi apparatus in cavl-KD
MDCK cells. (A) Control and cavl-KD MDCK cells were grown on
Transwell filters for 3 days. Cells were fixed with paraformaldehyde, per-
meabilized with saponin and immunostained using giantin and caveolin-2
antibodies to visualize the Golgi apparatus and endogenous caveolin-2,
respectively. In control cells caveolin-2 was mainly localized at the baso-
lateral membrane. An intracellular perinuclear staining was also seen.
In cavl-KD MDCK cells caveolin-2 accumulated in the Golgi, whereas
the plasma membrane pool was strongly reduced. (B) Control and
cavl-KD cells were grown on filters for 2 days followed by an infection
with an adenovirus expressing GFP-cav2 fusion protein. Sixteen hours
later, cells were fixed, permeabilized with saponin, and immunostained
using antibodies against caveolin-1 and giantin. In control cells GFP-cav2
was found at the basolateral membrane with some additional perinuclear/
subapical intracellular staining. In cavl-KD cells, basolateral staining
was not observed and GFP-cav2 was retained in the Golgi. (C) xz view of
GFP-cav2 in filter-grown control and cavl-KD MDCK cells.
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FIG. 5. Surface delivery of HA and PLAP is unaffected in cavl-KD
MDCK cells. (A) Filter-grown (day 3) control and cavl-KD cells were
infected with fowl plague virus and pulsed with [*>S]methionine. Cells
were incubated at 19.5°C to accumulate biosynthetic cargo at the
trans-Golgi network, after which the cargo was released and chased for
the indicated times at 37°C. The apical surface-exposed HA was quan-
tified as described in Materials and Methods. (B) Filter-grown (days 2
to 3) control and cavl-KD cells were infected with an adenovirus
expressing PLAP for 16 h. Cells were pulsed with [*>S]methionine and
chased for the indicated times. Cell surface proteins were biotinylated
and the surface-delivered PLAP was quantified as described in Mate-
rials and Methods. The data shown are representative of three (HA)
and four (PLAP) independent experiments.

surface staining of roughly similar intensity was detected (Fig.
6C). In conclusion, like in cavl-depleted MDCK cells, we ob-
served neither a block nor a significant delay in the surface
delivery of GPI-anchored proteins in cavl-KO mouse-derived
fibroblasts.

To study the role of caveolin-1 in the surface delivery of an
endogenous GPI-anchored protein in polarized tissue in vivo,
we compared the localization of Tamm-Horsfall protein in the
kidney sections from wild-type and cavl-KO mice. Tamm-
Horsfall protein is a GPI-anchored glycoprotein that is highly
expressed on the apical plasma membrane of the renal tubular
epithelial cells (55). In agreement with our findings from
cavl-KD MDCK cells and from cavl-KO MEFs, we observed
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FIG. 6. GPI-anchored proteins are transported to the cell surface
in immortalized mouse embryonic fibroblasts derived from the
cavl-KO mice. (A) Coverslip-grown wild-type (wild-type) and
cavl-KO MEFs were infected with a PLAP-expressing adenovirus. Ten
hours later, cells were fixed and PLAP and caveolin-1 were visualized
by immunofluorescence in unpermeabilized (PLAP) or saponin-per-
meabilized (caveolin-1) cells. Nuclei were stained with 4',6'-dia-
midino-2-phenylindole (DAPI). (B) Wild-type and cavl-KO MEFs
were infected with PLAP-expressing adenovirus for 16 h. Cells were
pulsed with [**S]methionine for 15 min and chased for 60 min. Surface-
exposed PLAP was biotinylated and quantified as described in Mate-
rials and Methods. The data shown come from three independent
experiments (C) Wild-type and cavl-KO MEFs were grown on cover-
slips and fixed, and surface-exposed GPI-anchored proteins (GPI-APs)
were labeled using an Alexa 546-conjugated aerolysin mutant (Alexa-
546-ASSP) on unpermeabilized cells. Total GPI-anchored protein sig-
nal was visualized in paraformaldehyde-fixed, saponin-permeabilized
MEFs.

CAVEOLIN-1 AND RAFT-MEDIATED MEMBRANE TRAFFICKING

10093

no difference in the subcellular localization of Tamm-Horsfall
protein between the wild-type and the cavl-KO mice (Fig. 7).

DISCUSSION

In this study, we have examined the role of caveolin-1 in the
apical transport pathway by using RNAI to specifically deplete
caveolin-1 expression in a well-characterized polarized cell
model system, MDCK cells. The cavl-KD MDCK cells lacked
caveolae but formed polarized monolayers when grown on a
filter support. The kinetics of the surface delivery of HA and
PLAP were not affected in cavl-KD cells. Our data clearly
showed that caveolin-1 is not an essential component of the
apical transport machinery in MDCK cells. This result is in
agreement with earlier findings from Fischer rat thyroid (FRT)
cells (30) but seemingly contradictory to a report from our
laboratory, where HA transport to the apical surface was per-
turbed upon application of intracellular caveolin-1 antibodies
to permeabilized MDCK cells (56). However, basolateral
transport was not affected.

A recent study by Parton and coworkers offers a possible
explanation for this differential inhibition (49). Certain anti-
bodies against caveolin-1 were found to preferentially recog-
nize the plasma membrane pool, whereas other antibodies only
labeled the Golgi pool of caveolin-1. The antibody used by
Scheiffele et al. was found to belong to the former category.
We speculate that this antibody recognized the conformation
of caveolin-1 in the apically targeted large homo-oligomers,
whereas the basolaterally targeted caveolin-1 in caveolin-1/2
hetero-oligomers was not efficiently captured. Such a differ-
ence might explain the seemingly specific inhibition of the
apical but not the basolateral trafficking pathway. Thus, in light
of our results, it seems likely that the inhibition observed in the
previous study was due to steric hindrance of the apical trans-
port machinery by the caveolin-1 antibodies bound to high-
molecular-weight caveolin-1 oligomers (56).

Our data do not support the conclusion of Lisanti and co-
workers, who reported that the transport of GPI-anchored
proteins to the cell surface is blocked in cav1-KO cells (60). We
excluded that cell type-specific effects were responsible for the
different results by showing that the biosynthetic transport of
GPI-anchored proteins was not dependent on caveolin-1 in an
essentially identical cell model, cavl-KO mouse-derived
MEFs. One difference between these two studies was the
method used to detect endogenous GPI-anchored proteins.
Although both approaches were based on aerolysin, we utilized
an aerolysin mutant directly conjugated to a fluorophore,
whereas Sotgia et al. used a detection system based on an
aerolysin antibody (Protox Biotech). In our hands this aeroly-
sin antibody was not suitable for immunofluorescence, as we
detected only very weak staining even in cells highly overex-
pressing an exogenous GPI-anchored marker protein (data not
shown).

Additionally, it could be speculated that the immortalized
MEFs used in these two studies represent populations with
different properties. However, this is unlikely, as several other
phenotypes reported for MEFs used by Sotgia et al. (for ex-
ample, enhanced growth rate and intracellular accumulation of
caveolin-2) were also found in the MEFs used in this study (S.
Le Lay and T. V. Kurzchalia, unpublished results). In addition,
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FIG. 7. Tamm-Horsfall protein, an endogenous GPI-anchored protein, is localized to the apical membrane of the kidney tubules in both
wild-type and cav1-KO mice. Paraffin-embedded kidney sections from wild-type and cavl-KO mice were stained using antibody against Tamm-
Horsfall protein. The sections were counterstained with hematoxylin. Three wild-type and three cavl-KO mice were analyzed.

we also observed normal PLAP trafficking in primary nonim-
mortalized cav1-KO fibroblasts (passage <5, data not shown).

Importantly, we found that Tamm-Horsfall protein, an en-
dogenous GPI-anchored protein, was localized at the apical
surface of renal tubular epithelial cells in both the wild-type
and the cavl-KO mice. The same protein was reported to
accumulate intracellularly in the previous study (60). We do
not know the reason for the different results. Finally, given the
relatively mild phenotype of the cavl-KO mice (10, 52, 65) in
comparison with the severe consequences resulting even upon
a tissue-specific knockout of GPI-anchored proteins (1, 23, 40,
61) the suggested essential role for caveolin-1 in the surface
delivery of GPI-anchored proteins seems unlikely. We cannot
of course exclude that caveolin-1 indeed participates in apical
sorting and delivery but is replaced by other proteins in caveo-
lin-1-depleted cells.

Although caveolin-1 is dispensable for general biosynthetic
delivery of apical membrane cargo, it appears to play a role in
the surface transport of caveolin-2 (35, 43), angiotensin recep-
tor (63), and the TRPC-1 receptor (3). Here, we confirmed in
our model system that efficient basolateral transport of caveo-
lin-2 depends on the presence of caveolin-1.

What then might be the function of caveolins in cells?
Clearly, caveolin and caveolae have a role in down-regulation
of endothelial nitric oxide synthase (10, 52). A number of
studies have established a connection between caveolins and
lipid droplets, neutral lipid-filled organelles surrounded by a
phospholipid monolayer (16, 42, 47). Importantly, external
modulation of the cellular lipid homeostasis affects the target-
ing of caveolins to lipid droplets (48, 49). Moreover, caveolin-1
expression is positively regulated by an increase in cellular
cholesterol levels (reviewed in reference 13) and cholesterol
transport to the lipid droplets is altered in Cavl-KO MEFs
differentiated into adipocytes (S. Le Lay et al., submitted). A
role for caveolin-1 as a regulator of lipid homeostasis is further
supported by the lean phenotype of the cavl-KO mice exposed
to a high-fat diet (51). Parton and colleagues have suggested an
attractive model in which caveolin acts as a sensor in regulation
of the cellular cholesterol levels (49). How such a regulatory
mechanism would function to guide cellular cholesterol trans-
port is not known.

Whether or not caveolins regulate lipid homeostasis, caveo-

lae are likely to be central for caveolin function. Caveolae
could function as storage organelles for raft components, har-
boring cholesterol and sphingolipids for cellular use. Mobili-
zation of caveolae is triggered by viruses such as simian virus 40
(46) but presumably also by natural ligands not yet identified.
In retrograde transport caveolar units form highly mobile but
structurally stable sorting platforms for endocytic cargo (44).
What cargo caveolae normally transport and where the cargo is
delivered are open issues, which must be tackled before the
cellular role of caveolins will be fully understood.
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