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Caveolin-1 is a major component of caveolae. Recent
studies have suggested a possible role of caveolin-1 in
cell transformation and normal cell proliferation. To
observe the behavior of caveolin-1 in living mitotic
cells, we prepared cDNA constructs encoding the chi-
meric protein of a- or B-caveolin-1 and green fluores-
cent protein (GFP) and transfected culture cells with
them. Correct targeting of the chimera to the caveolae
was confirmed by colocalization with the caveolar ino-
sitol 1,4,5-trisphosphate receptor-like protein. By
time-lapse observation of mitotic MDCKII cells, the
GFP-caveolin-1 chimeras were seen throughout the
plasma membrane before cell division, but became
markedly concentrated at the cleavage furrow during
cytokinesis. Accumulation around the spindle poles
was also observed at late telophase. The result showed
that caveolin-1 undergoes a drastic distributional
change during cell division and suggested that the
protein may be involved in the cytokinetic process.
© 2000 Academic Press

Caveolae are small invaginations of the plasma
membrane, and have been proposed to have roles in
transcytosis of macromolecules in endothelial cells (1).
Recent studies on the protein composition of caveolae
and/or caveolar-like membranes revealed the existence
of many molecules including lipid-modified signaling
molecules (Src-like kinases, H-ras, endothelial nitric-
oxide synthase, and G-proteins), receptor tyrosine Ki-
nases (epidermal growth factor receptor, platelet-
derived growth factor receptor, and insulin receptor),
inositol 1,4,5-trisphosphate (IP3) receptor-like protein,
and plasmalemmal Ca** pump, and several hypotheses
have been proposed for the caveolar function (2—4).

Caveolin-1 was identified as a major component of
caveolae (5), and two isoforms of caveolin-1 (« and B)
were shown to be produced by alternative translation
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initiation (6). Recent studies on the properties of
caveolin-1 demonstrated many possible functions of
this molecule including cholesterol transport (7, 8),
inhibitory interaction with signaling molecules (9),
and suppression of oncogenic transformation (10). In
the caveolin-1 molecule, the cytoplasmic membrane-
proximal region was demonstrated to be critical for
oligomerization and the interaction with a variety of
proteins, and termed as the caveolin scaffolding do-
main (11). By the identification of a motif sequence
that binds to the caveolin scaffolding domain, possible
interaction between caveolin-1 and other proteins was
suggested (12). These findings suggest multiple roles of
caveolin-1 in many cell functions.

Notably, recent studies demonstrated the involve-
ment of caveolae and caveolin-1 in cell growth and
transformation. Caveolin-1 was first identified as
a major v-Src substrate in Rous sarcoma virus-
transformed cells (13). The finding that the caveolin-1
expression and caveola formation were markedly re-
duced in NIH 3T3 cells transformed by v-Abl or H-ras
(G12V) suggested a critical role of caveolae in onco-
genic transformation (14). Consistent with this, the
recombinant expression of caveolin-1 resulted in de
novo formation of caveolae, and abrogated the
anchorage-independent growth of the transformed
NIH 3T3 cells (10). Moreover, the reduction of the
caveolin-1 expression by an antisense method led to
cell transformation and hyperactivation of the
mitogen-activated protein (MAP) kinase cascade (15);
caveolar localization of MAP kinase cascade molecules
(16) and inhibition of their kinase activity by caveolin-1
(17) were also demonstrated.

Lee et al. (18) reported that the expression of
a-caveolin-1 changed during the cell cycle and was
maximal during the G2/M phase in normal human
mammary epithelial cells. This result suggests that
caveolin-1 also plays some role in normal cell prolifer-
ation. If caveolae and caveolin-1 are functionally re-
lated to cell-cycle progression, they may show a differ-
ent localization at different phases. To keep track of
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possible distributional changes, we constructed green
fluorescent protein (GFP)-caveolin-1 chimeras and ob-
served their dynamic behavior in dividing cells. Nota-
bly, a marked concentration was observed at the cleav-
age furrow during cytokinesis. Recently, after our work
had been completed, another group reported a study
using GFP-caveolin-1 chimera, and they dealt with the
relationship with cell-cell contact (19). The implication
of our observations are discussed herein in relation to
caveolin-1 functions in cell proliferation.

MATERIALS AND METHODS

Plasmid construction of GFP-caveolin-1 chimera. The cDNA en-
coding full-length human «- and B-caveolin-1 was obtained by PCR
using a human umbilical vein endothelial cell cDNA library as a
template with the combination of the following primers: 5’-end sense
for a-caveolin-1 (5'-AAGCTTAGCATGTCTGGGGGCAAATAC-3'),
5’-end sense for B-caveolin-1 (5'-AAGCTTCAAGGCCATGGCAGAC-
GAG-3'), 3'-end antisense without stop codon (5'-CTGCAGTATT-
TCTTTCTGCAAGTTGATGC-3’), and 3’-end antisense with stop
codon (5-GAATTCATATTTCTTTCTGCAAGTTGATG-3'). The PCR
products without a stop codon were subcloned into pEGFP-N1
(CLONTECH) for the expression of chimeric protein, a- or B-caveo-
lin-1/GFP; and GFP was fused to the C terminus of a- or g-caveolin-1.
Whereas those with a stop codon were subcloned into pEGFP-C3
(CLONTECH) for the expression of GFP/a- or B-caveolin-1; and GFP
was fused to the N terminus of a- or B-caveolin-1.

Cell culture and transfection. MDCKII and Pam212 (20) cells
were kindly provided by Dr. Kai Simons (EMBL, Germany) and Dr.
Koji Hashimoto (Ehime Univ., Japan), respectively. COS7 cells were
obtained from the Japanese Cancer Resources Research Bank (To-
kyo, Japan). Cells were grown at 37°C in 5% CO, in Dulbecco’s
modified Eagles minimum essential medium (Nihonseiyaku Co.)
supplemented with 10% fetal bovine serum, 50 U/ml penicillin, and
0.05 mg/ml streptomycin. Transfection by the plasmid construct was
performed with a lipofection reagent, DOTAP (Boehringer-Mann-
heim) or SuperFect (QIAGEN), with 2 ng of DNA/35-mm dish as
instructed by the manufacturer's manual. Stably transfected
MDCKII cells were selected with G418 (500 ug/ml) and cloned.

Antibodies. Rat monoclonal antibody to cerebellar P400 protein
(4C11) was kindly provided by Dr. Katsuhiko Mikoshiba (Univ. of
Tokyo) (21). Rabbit anti-caveolin-1 polyclonal antibody (C13630,
Transduction Laboratories), mouse anti-caveolin-1 monoclonal anti-
body (2234, Transduction Laboratories), and rabbit anti-GFP poly-
clonal antibody (CLONTECH) were obtained commercially.

Immunofluorescence microscopy. COS7 and Pam212 cells cul-
tured on glass coverslips were transiently transfected with
pEGFP-N1 or a-caveolin-1-pEGFP-N1, and fixed with 3% formalde-
hyde in 0.1 M sodium phosphate buffer, pH 7.4, for 5-10 min at room
temperature (r.t.). The cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min, treated with 3% BSA in PBS for 10 min,
and incubated with mAb 4C11 for 1 h and then with rhodamine-
conjugated goat anti-rat 1gG antibody for 30 min, all at r.t. The
specimens were mounted with a glycerol/Mowiol 4-88 (Calbiochem—
Novabiochem Corp.) mixture containing 1,4-diazobicyclo-[2,2,2]-
octane (Eastman Kodak Co.) and observed under a Zeiss Axioplan
fluorescence microscope (Carl Zeiss, Inc.).

Western blotting. Cells were rinsed with ice-cold PBS twice, and
treated with 10% trichloroacetic acid on ice for 10 min before being
boiled in an SDS sample buffer (150 mM Tris—HCI, 20% sucrose,
2.5% SDS, and 2% 2-mercaptoethanol; pH 6.8). The proteins were
separated by SDS-PAGE (5-15% gradient acrylamide gel) and
transferred onto a nitrocellulose membrane (Hybond ECL, Amer-
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FIG. 1.
pressed in COS7 cells. GFP alone showed a diffuse distribution
throughout the entire cytoplasm and nucleus, whereas the caveolin-1
chimera was observed as distinct dots in the cytoplasm. Bar, 10 um.

Distribution of GFP (a) and a-caveolin-1/GFP (b) ex-

sham). The blotted membranes were blocked with 5% skim milk,
0.1% Tween 20 in PBS overnight, and then incubated with anti-
caveolin-1 or anti-GFP antibody for 3 h at r.t. and subsequently with
goat anti-rabbit antibody conjugated with horseradish peroxidase.
The signal was detected with the ECL detection system (Amersham)
according to the instruction manual.

Time-lapse analysis. The MDCKII cells stably transfected with
the GFP constructs were cultured in glass-bottomed dishes and
observed with a Zeiss Axiovert 135 fluorescence microscope (Carl
Zeiss, Inc.). The medium was buffered with 25 mM Hepes, and the
temperature was kept at 37°C with an electric thermostat system
(DTC-200, DIA Medical System, Co.) during observation. Images
were captured every 60 seconds for 60 min by a chilled CCD camera
connected to an Argus-20 image processor and a time-lapse data
collection system (Hamamatsu Photonics).

Enrichment for mitotic cells. The MDCKII cells stably trans-
fected with a-caveolin-1-pEGFP-N1 were treated with 0.5 mM hy-
droxyurea for 14 h to block the cell cycle at early S phase (22). The
cells were washed and kept in culture for 8 h before fixation with 3%
formaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The nuclei
of the cells were stained with 4’,6-diamidino-2-phenylindole (DAPI)
and observed under a fluorescence microscope to identify the mitotic
stage of the cells.

RESULTS

We prepared four different cDNA constructs for the
present experiment: GFP was attached to either the N
or C terminus of the two isoforms (a« and B) of
caveolin-1. The relative position of GFP was changed
because masking of a particular position of the
caveolin-1 molecule might cause artificial results, and
the two isoforms were compared to study possible dif-
ferences between them. As a result, however, all four
constructs showed virtually the same localization and
behavior, and thus in the following section, we will
describe the results for a-caveolin-1/GFP, that is, the
chimera with GFP attached to the C terminus of
a-caveolin-1.

In COS7 cells, a-caveolin-1/GFP was observed as
distinct dots in the cytoplasm (Fig. 1b), whereas GFP
alone existed in a diffuse state throughout the cyto-
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FIG. 2. Distribution of a-caveolin-1/GFP (a) and the caveolar IP3
receptor-like protein (b) in Pam212 cells transiently transfected with
a-caveolin-1-pEGFP-N1. The two proteins showed colocalization
(arrows) except for the perinuclear distribution of «-caveolin-1/GFP
(a, arrowhead). Bar, 10 um.

plasm and in the nuclei (Fig. 1a). To confirm the correct
targeting of a-caveolin-1/GFP to caveolae, we stained
Pam212 cells transiently expressing a-caveolin-1/GFP
with 4C11, a monoclonal antibody that recognizes the
caveolar IP3 receptor-like protein (23). The distribu-
tion of a-caveolin-1/GFP (Fig. 2a) and the immunoflu-
orescence of 4C11 (Fig. 2b) matched each other except
that a-caveolin-1/GFP was localized in the perinuclear
region additionally (Fig. 2a, arrowhead).

MDCKII cells stably transfected with each chimeric
construct of caveolin-1 and GFP were established by
G418 selection, and expression of the recombinant pro-
teins was confirmed by Western blotting with anti-
caveolin-1 and anti-GFP antibodies. In the cells trans-
fected with a-caveolin-1-pEGFP-N1, 52- and 48-kDa
bands were recognized with both antibodies (Fig. 3,
arrowheads in lane 2), probably corresponding to a-
and B-caveolin-1/GFP produced by alternative transla-
tion initiation. The lower band was at the same posi-
tion as that detected in the cells transfected with
B-caveolin-1-pEGFP-N1 (Fig. 3, lane 3). In the cells
transfected with a- or B-caveolin-1-pEGFP-C3, only a
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FIG. 3. Western blot analysis of MDCKII cells stably transfected
with the plasmid encoding GFP-caveolin-1 chimeras. Lane 1, no
transfection; lane 2, a-caveolin-1-pEGFP-N1; lane 3, B-caveolin-1-
pEGFP-N1; lane 4, a-caveolin-1-pEGFP-C3; lane 5, B-caveolin-1-
pEGFP-C3. 52- and 48-kDa bands were detected (arrowheads in lane
2) in the cells transfected with a-caveolin-1-pEGFP-N1. The size of
the lower band was identical to the band expressed in the cells
transfected with B-caveolin-1-pEGFP-NL1 (lane 3). Only a single band
was detected in the cells transfected with «- or B-caveolin-1-pEGFP-
C3, at 51 or 47 kDa, respectively (arrowheads in lanes 4 and 5).
Endogenous caveolin-1 was intensely labeled in all of the clones
(arrow).
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FIG. 4. The time-lapse observation of GFP-caveolin-1 chimeras
in living mitotic MDCKII cells. (a) Photographs of MDCKII cells
transfected with a-caveolin-1-pEGFP-N1 and photographed at 0, 3,
7, 10, 15, and 21 min after the start of recording. Before cytokinesis,
a-caveolin-1/GFP was observed throughout the plasma membrane
(0:00). During cytokinesis, a-caveolin-1/GFP was gradually recruited
to the cleavage furrow (0:03-0:15). Another accumulation was also
observed around the spindle poles toward the end of cytokinesis
(arrowheads at 0:15 and 0:21). (b) Photographs of MDCKII cells
transfected with B-caveolin-1-pEGFP-N1; the photos were taken at
0, 4, 6, and 10 min after the start of recording. The accumulation in
the cleavage furrow was also observed for B-caveolin-1/GFP. ¢ and d.
Photographs of MDCKII cells in cytokinesis transfected with a-
caveolin-1-pEGFP-C3 (c) and B-caveolin-1-pEGFP-C3 (d). The con-
centration in the cleavage furrow was also observed with the chime-
ras in which GFP had been fused to the N terminus of caveolin-1.

single band was detected at the expected sizes (Fig. 3,
arrowheads in lanes 4 and 5). The size of the expressed
chimera proteins was slightly different depending on
the location of the GFP tag (whether tagged at the N or
C terminus); the difference can be explained by the
length of linkage between GFP and caveolin-1. With
anti-caveolin-1 antibody, endogenous caveolin-1 was
detected intensely in all of the clones (Fig. 3, arrow).
The behavior of a-caveolin-1/GFP in living mitotic
MDCKII cells was observed by time-lapse recording. In
rounded cells before cytokinesis, «-caveolin-1/GFP
with GFP attached to the C terminus was localized all
around the cell surface (Fig. 4a, 0:00). At the beginning
of cytokinesis (Fig. 4a, 0:03), a slight concentration of
the GFP signal was observed at the forming furrow;
and as the division progressed, a-caveolin-1/GFP was
prominently concentrated in the cleavage furrow (Fig.
4a, 0:07-0:15). The accumulation became apparent
just at the beginning of the furrow formation or shortly



Vol. 268, No. 1, 2000

after it. In the late phase of cytokinesis, another prom-
inent concentration of the signal was observed near the
spindle poles (Fig. 4a, arrowheads). The p-caveolin-1/
GFP also showed a similar concentration in the cleav-
age furrow (Fig. 4b, 0:00—010) and at the spindle pole
(Fig. 4b, 0:10, arrowheads), indicating that there is no
behavioral difference between the two isoforms during
cytokinesis. The accumulation of GFP signals at the
furrow was also observed with GFP/a-caveolin-1 and
GFP/B-caveolin-1 in which the fluorescent tag had been
fused to the N terminus (Figs. 4c and 4d, respectively).

The localization of a-caveolin-1/GFP during mitosis
was also observed (Fig. 5, left column) in fixed MDCKI|I
cells with reference to the mitotic stages of the nucleus
stained with DAPI (Fig. 5, right column). In prophase
(Fig. 5a) and metaphase (Fig. 5b), a-caveolin-1/GFP was
localized throughout the plasma membrane and some-
times around centrioles (Figs. 5a and 5b, arrowhead). In
early anaphase (Fig. 5c), the concentration of the GFP
chimera was not yet observed at the equator. The con-
centration of the chimera at the furrow was observed in
all of the cells during cytokinesis (n = 9) (Figs. 5d and 5e).
The perinuclear concentration was evident toward the
end of cytokinesis (Figs. 5e and 5f, arrowheads).

DISCUSSION

To exclude the possibility that the chimeric proteins
may have resulted in the incorrect targeting by mask-
ing a particular end of caveolin-1 with GFP, we pre-
pared cDNA constructs having GFP fused to either
terminus of the caveolin-1 molecule. As a result, all the
constructs showed the same localization and behavior
in the present experiment, indicating that the possibil-
ity of artificial targeting was minimal.

We tried to detect the endogenous caveolin-1 in mi-
totic cells by an immunofluorescence method with anti-
caveolin-1 antibodies, C13630 and 2234, one recogniz-
ing both « and B isoforms, and other the a-isoform
alone. However, the strong concentration in the cleav-
age furrow comparable to that of the GFP chimera was
not detected; only weak concentration of the signal was
detected in about 40% of the cytokinetic cells exam-
ined. The reason for this difficulty in detecting endog-
enous caveolin-1 in the furrow is not known. A lower
signal-to-noise ratio of the indirect immunofluores-
cence staining than the GFP signal may be a possibil-
ity. Another possible explanation is that caveolin-1 in
the furrow may not be efficiently recognized by the
antibodies for some unknown reason, for it was re-
ported that recognition by antibodies was affected by
the subcellular localization of caveolin-1 (24).

The prominent concentration of caveolin-1 in the
cleavage furrow of MDCKII cells strongly suggests a
possible function of caveolin-1 in the cytokinetic pro-
cess. Caveolin-1 is known to interact directly with var-
ious molecules and modulate their functions through
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FIG. 5. Comparative observation of a-caveolin-1/GFP (left col-
umn) and chromosomes (right column) in mitotic MDCKII cells. (a)
Prophase, (b) metaphase, (c) anaphase, (d—f) telophase. At prophase
and metaphase, a-caveolin-1/GFP was distributed throughout the
plasma membrane and around centrioles (arrowheads in a and b). As
cytokinesis occurred, the chimera accumulated at the cleavage fur-
row (d—f); concentration around the spindle poles was observed at
late telophase (arrowheads in e and f).

the caveolin scaffolding domain (9). Thus caveolin-1
might function as a regulator of the cytokinesis-as-
sociated signaling molecules. In particular, caveolin-1
is thought to be a general kinase inhibitor, interacting
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with the consensus sequence termed “caveolin-binding
motif,” present in the catalytic domain of many ty-
rosine and serine/threonine protein kinases (9). In cy-
tokinesis, protein kinases are thought to play impor-
tant roles (24, 25). For example, the small GTPase rho,
which controls the organization of actin-related struc-
tures (26), and its target proteins, such as Rho-kinase
and citron kinase, were reported to be essential in
cytokinesis (27-29); and the caveolin-binding motif
was found in the kinase domain of the Rho-kinase,
although the interaction was not proved. A recent
study also demonstrated the concentration of RhoA in
caveolae (30). Besides signaling molecules, myosin 11
was copurified with caveolins in the caveolin-rich mem-
brane fraction (31); and the direct interaction of
caveolin-1 and myosin Il was suggested based on the
presence of some caveolin-binding motifs in the latter
(12). These results imply that caveolin-1 may function
as a regulatory protein of the phosphorylation signal-
ing and actomyosin contraction in the cleavage furrow.
In the present study, it was not determined whether
caveolae as a whole are concentrated in the cleavage
furrow. In fact, marked concentration of caveolae in-
vaginations was not observed in the cleavage furrow by
electron microscopy (data not shown). However, as
caveolae are known to lose their invagination in some
conditions (32), a possibility that shallow or flat caveo-
lae may exist in the furrow could not be excluded;
further studies using other caveolae markers are nec-
essary to answer this question.

The intracellular location of GFP-caveolin-1 chime-
ras near the spindle pole at the late stage of cell divi-
sion was not determined, but apparently one possibil-
ity is the Golgi apparatus, which becomes fragmented
during mitosis and recovers to its original configura-
tion at telophase. An alternative possibility is the ac-
cumulation of internalized caveolae membranes, which
was reported to occur around the spindle pole of mitotic
MDCK cells (33); a similar membrane was observed in
cells treated with okadaic acid (33), which induces the
mitotic state (34). If the latter possibility is the case,
the physiological function of the caveolae internaliza-
tion at the end of mitosis would be an interesting
question to be studied.

The concentration of the GFP-caveolin-1 chimeras in
the cleavage furrow was not a general phenomenon
among the examined cells. A similar, but less promi-
nent, concentration was seen in CHO cells, but not
obvious in Pam212 cells (data not shown). In PtK2
cells, the GFP-caveolin-1 chimera was transiently con-
centrated at the equatorial plane just after the chro-
mosomal segregation and disappeared before cytokine-
sis (data not shown). The reason for this discrepancy
among cell types is not apparent; the contribution of
caveolin-1 in the cytokinetic event may be divergent in
different cell types. The polarized distribution of caveo-
lins in MDCKII cells (35) may be related to the prom-
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inent concentration of caveolin-1 in the cleavage fur-
row. Supporting this interpretation, the concentration
of GFP-caveolin-1 chimeras in the furrow was conspic-
uous in MDCKII cells cultured at confluence in which
state the polarity is established, but not so in the cells
cultured sparsely (data not shown).

To conclude, using GFP chimeras we demonstrated
the prominent recruitment of caveolin-1 in the cleav-
age furrow of mitotic MDCKII cells. No direct evidence
showing the role of caveolae and caveolin-1 in cytoki-
nesis was obtained, but the results imply their possible
function in the process. Caveolin-1 may be related to
cell-cycle progression, not only by interacting with the
MAP kinase cascade as previously reported (15), but
also by regulating the cytokinetic process.
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