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Abstract
Recent studies have identified caveolin-1, a protein best known for its functions in caveolae, in
apical endocytic recycling compartments in polarized epithelial cells. However, very little is
known about the regulation of caveolin-1 in the endocytic recycling pathway. To address this
question, in the current study we compared the relationship between compartments enriched in
sub-apical caveolin-1 and Rab11a, a well-defined marker of apical recycling endosomes, using
polarized MDCK cells as a model. We show that caveolin-1-containing vesicles define a
compartment that partially overlaps with Rab11a, and that the distribution of subapical caveolin-1
and Rab11a show a similar dependence on microtubule disruption. Mutants of the Rab11a
effector, Rab11-FIP2 also altered the localization of caveolin-1. These findings indicate that
caveolin-1 is coordinately regulated with Rab11a within the apical recycling system of polarized
epithelial cells, suggesting that the two proteins are components of the same pathway.
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Introduction
Endocytic recycling of membrane from the apical surface of polarized epithelial cells is a
closely regulated mechanism that is critical to polarized secretory processes in most
epithelial cells. The internalized apical membrane and cargo pass through the apical early
endosomal system, a common recycling endosome (CRE)1, the apical recycling endosome

© 2011 Elsevier Inc. All rights reserved.
*To whom correspondence should be addressed. Anne Kenworthy, Dept. of Molecular Physiology and Biophysics, Vanderbilt School
of Medicine, 718 Light Hall, Nashville, TN 37232. Phone 615-322-6615, Fax 615-322-7236. anne.kenworthy@vanderbilt.edu Lynne
Lapierre, Epithelial Biology Center, Vanderbilt School of Medicine, 10435J MRB IV, 2213 Garland Ave, Nashville, TN 37232-0443.
Phone 615-936-3721, Fax 615-343-1591. lynne.lapierre@vanderbilt.edu..
5Present address: University of Houston, Houston TX
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Cell Res. Author manuscript; available in PMC 2013 January 15.

Published in final edited form as:
Exp Cell Res. 2012 January 15; 318(2): 103–113. doi:10.1016/j.yexcr.2011.10.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(ARE) and finally reinsert into the apical membrane. Membrane and proteins undergoing
basal to apical transcytosis can enter the apical recycling system though the basal early
endosome to the CRE [1-5].

Apical recycling and basal-apical transcytosis are controlled by members of the Rab small
GTPase family and their effectors. One of these Rabs is Rab11a, a member of the Rab11
subfamily of small GTPases that is well established as a regulator of the recycling system in
polarized cells. Rab11a is associated with vesicles in the pericentrosomal compartment
beneath the apical plasma membrane and is concentrated in the ARE [3, 6, 7]. Rab11a
interacts with and is regulated by specific interacting proteins, including a group of proteins,
the Rab11 Family Interacting Proteins (Rab11-FIPs). This growing family of Rab11-FIPs
currently includes the multiply spliced Rab11-FIP1 family (including RCP) [8-10], Rab11-
FIP2 [8], Rab11-FIP3 [8], Rab11-FIP4 [11] and Rab11-FIP5 (pp75/Rip11) [12]. Mutations
of many of the Rab11-FIP proteins can alter the apical recycling pathway in Madin-Darby
canine kidney (MDCK) cells, a widely used model of polarized epithelial cells to study
endocytic recycling and transcytosis, as well as other cells [8, 12, 13].

The protein caveolin-1 is best known for its association with caveolae, flask-shaped
invaginations of the plasma membrane that are abundant in certain cell types, including
many epithelial cells [14]. Caveolin-1 associates with cell membranes via a putative 33-
amino acid intramembrane domain that forms a hairpin-like structure with cytoplasmically
oriented N- and C-termini [15]. In addition to its role in the formation of caveolae,
caveolin-1 functions in the scaffolding of signaling proteins, cholesterol binding and
homeostasis, and regulation of endocytic trafficking [16-25]. Interestingly, several recent
studies have now identified caveolin-1 in receptor recycling compartments in polarized
epithelial cells [26-30]. In one such study, transferrin receptor-enriched basolateral recycling
endosomes immunoisolated from polarized MDCK cells were found to contain caveolin-1 in
addition to other markers of lipid rafts [26]. Another study used subcellular fractionation to
show that caveolin-1 is enriched in a receptor-recycling compartment and in early sorting
endosomes of rat hepatocytes [27]. More recently, we identified several novel pools of
caveolin-1 in the subapical region of MDCK cells, a localization characteristic of ARE [31].
Sub-apically localized caveolin-1 was subsequently shown to be located in proximity to
internalized dIgA in the apical region of MDCK cells [29]. Furthermore, we identified
caveolin-1 in a proteomic analysis of immunoisolated H/K-ATPase containing
tubulovesicles from human gastric mucosa, an amplified apical recycling system devoted to
the regulated apical recycling of the H/K-ATPase [28].

Taken together, these findings suggest that caveolin-1 is a component of the endocytic
recycling system of polarized epithelial cells. However, very little is currently known about
the regulation of caveolin-1 in endocytic recycling in polarized cells. To address this
question, in the current study we compared the relationship between compartments enriched
in sub-apical caveolin-1 and Rab11a, a well-defined marker of apical recycling endosomes,
in polarized MDCK cells.

Materials and Methods
Cell culture and drug treatments

Stable MDCK cell lines expressing EGFP-Rab11a and either wild type or mutant versions of
EGFP-Rab11-FIP2 were as previously described [13, 32]. In brief, the EGFP-Rab11a cell
line was generated in MDCK cells [6], whereas the EGFP-Rab11-FIP2 cell lines were

1Abbreviations used: CRE, common recycling endosome; ARE, apical recycling endosome; MDCK, Madin Darby Canine Kidney;
Rab11-FIPs, Rab11 Family Interacting Proteins
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generated in T23 cells (MDCK cells containing the rabbit pIgA receptor [33] and the TET
off system [34]). Cells were grown in DMEM supplemented with 10% FBS (GIBCO),
penicillin-streptomycin, 2 mM L-glutamine, 0.1 mM MEM nonessential amino acids
(GIBCO-BRL) and 0.5 mg/ml G418 sulfate (Cellgro). Media for the EGFP-Rab11-FIP2
stable cell lines also contained 0.25 ng/ml hygromycin (Invitrogen). In the EGFP-Rab11-
FIP2 stable cell lines, expression of the EGFP chimeras was inhibited with doxycycline (20
ng/ml; Calbiochem). To induce EGFPRab11-FIP2 protein expression, cells were plated
without doxycycline in tetracycline-screened FBS (HyClone) medium. All cell lines were
plated at confluence on to 0.4-μm Transwell filters (Costar) and allowed to polarize for 5-7
days unless indicated. MDCK cells were transfected at the time of plating on to transwells
with caveolin-1-GFP [35] using Effectine (Qiagen). For the microtubule dependence studies
cells were treated with either 33 μM of nocodazole (Calbiochem) or 7.5 μM of taxol
(paclitaxel; Alexis Biochemical) for 4 hr at 37° C

Immunofluorescence of MDCK cell lines
Cells grown on Transwells were washed twice with PBS (OmniPur, EMD) and then fixed in
4% paraformaldehyde/PBS for 20 min at room temperature. The cells were washed three
times with PBS and either stained immediately or stored at 4° C in PBS for later staining.
Cells were blocked and extracted in BE buffer (10% normal donkey serum, PBS containing
either 0.3% Triton X-100 or 5μg/ml filipin as indicated) for 30 min at room temperature,
then washed one time with PBS. For flotillin immunostaining experiments, cells were first
fixed in paraformaldehyde and then extracted in prechilled methanol [36].

Primary antibodies used for immunostaining included rabbit anti-Rab11a (VU57 [28], used
at 1:500), rabbit anti-caveolin-1 pAb (BD Biosciences, #610059, used at 1:200), mouse anti-
EEA1 EEA1 (BD Biosciences #610457, used at 1:200), mouse anti-flotillin-1 (BD
Biosciences #610820, used at 1:100), and mouse anti-flotillin-2 (BD Biosciences #610383,
used at 1:200). Primary antibodies were diluted in antibody buffer (1% normal donkey
serum (Jackson ImmunoResearch), 0.05% tween-20, PBS) and incubated with the cells for 2
hr at room temperature. Cells were washed three times in PBS-T (0.05% Tween-20, PBS)
then incubated with Cy-3 and Cy-5 labeled species-specific secondary antibodies against
rabbit or mouse IgG (Jackson ImmunoResearch) for 1 hr at room temperature. In some
experiments Alexa-647-phalloidin (Invitrogen) was included in the secondary antibody
incubations (1:200 dilution). Cells were washed three times with PBS-T, then once with
PBS. The filters were cut out of the transwells, rinsed in water, and then mounted with
ProLong Gold with DAPI (Invitrogen). Cells were imaged on an Olympus FV-1000
(Vanderbilt Cell Imaging Resources Core) using a 100X lens. Twenty 0.5 μm thick Z-
sections were imaged per stack.

Results
The distribution of caveolin-1 within the subapical regions of MDCK cells is dependent on
cell polarity and fixation conditions

Caveolin-1 displays different epitopes depending on its localization within cells [31, 37, 38].
In addition, the antigenicity of caveolin-1 is strongly dependent on fixation and
permeabilization conditions [31, 38]. In a previous study, we identified caveolin-1 in the
sub-apical region of MDCK cells using three separate antibodies directed against the N-
terminus of the protein [31]. The appearance of the subapical pool of caveolin-1 detected by
a commercially available rabbit polyclonal antibody in filipin-permeabilized and Triton
X-100 permeabilized cells was most similar to that previously reported for known markers
of the apical recycling system. We thus utilized these staining conditions to study further
subapical caveolin-1.
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Our previous study examined caveolin-1 in partially polarized cells grown on glass
coverslips [31]. We therefore first sought to test whether a similar population of caveolin-1
is present in fully polarized cells, examining the staining patterns of caveolin-1 in MDCK
cells grown to full polarity on Transwells (Figure 1). As we had observed previously, the
staining pattern varied for caveolin-1 depending upon the conditions used for
permeabilization. In Triton X-100 extracted cells, caveolin was present in vesicles in the
apical portion of the cell just below the F-actin (Figure 1A). This subapical pool was much
more pronounced when filipin was used (Figure 1C). Caveolin-1 staining could also be seen
extending along the basal and lateral membranes, consistent with the known distribution of
caveolae in MDCK cells [39, 40]. This basolateral pool of caveolin-1 was relatively faint in
filipin permeabilized cells (Figure 1C), but was much more apparent following Triton X-100
extraction (Figure 1A). These data demonstrate that caveolin-1 is enriched in the sub-apical
region of fully polarized MDCK cells, and also confirm our previous findings that the
apparent distribution of caveolin-1 varies depending on permeabilization conditions [31].
Endogenous Rab11a also exhibited differential distributions depending on the detergent
used for the extraction. When Triton X-100 was used, the Rab11a vesicles were spread out
just under the apical actin web, while with filipin, the Rab11a marked vesicles were more
centrally condensed (Figure 1D).

Although caveolin-1 staining patterns in fully polarized MDCK cells were generally
consistent with our previous report [31], we noted slight differences that suggested that the
morphology of the subapical compartments enriched in caveolin-1 maybe dependent on cell
polarity. To test this directly, we performed a time course on cells grown on Transwells
(Figure 2). The cells were plated at confluence then fixed at 1, 2, 3 or 4 days post-
confluence and permeabilized with either filipin (Figure 2 A-D) or Triton X-100 (Figure 2
E-H). At day one, caveolin-1 staining was spread apically through the cells as well as
slightly down the lateral walls (Figure 2 A, E). By day 3, caveolin-1 was associated with
apical pericentrosomal vesicles that also extended down the lateral cell wall in the Triton
X-100 permeabilized cells (Figure 2 G), and became concentrated in a subapical spot in the
filipin permeabilized cells (Figure 2C). These staining patterns were similar to those we
reported previously for cells grown on coverslips for 5 days [31]. At day 4, the caveolin-1
spread out apically and laterally in the Triton X-100 permeabilized cells (Figure 2H), and
remained concentrated in the subapical region of the filipin-permeabilized cells (Figure 2D).
This analysis also revealed a shift in the localization of caveolin-1 relative to actin over
time. Caveolin-1 staining was present at the same level as actin staining at the apical surface
at day 1. As the cells polarized and became taller, the caveolin-1 pool became distinct from
the apical actin web. Thus, both the morphology and distribution of caveolin-1 containing
compartments in the subapical region of MDCK cell varies in a cell-polarity and fixation-
dependent manner.

Subapical caveolin-1 overlaps with the distribution of Rab11a, but not EEA1
The staining pattern seen in Figure 1 for caveolin-1 and endogenous Rab11a in the subapical
region were similar, consistent with the possibility that they reside within the same
compartment. Since both the caveolin and Rab11a antibodies were raised in rabbit, we could
not perform direct colocalization studies with the endogenous proteins. To examine directly
the relationship between Rab11a and caveolin-1 containing vesicles, we utilized two
approaches. First, we compared their localizations in a stable EGFP-Rab11a-expressing
MDCK cell line [32]. As expected, the distribution of subapical caveolin-1 closely
resembled the apical recycling compartment and partially colocalized with GFP-Rab11a, but
not EEA1, a marker of early endosomes (Figure 3). Compared to the parental MDCK cells
(Figure 1B), the subapical pool of caveolin-1 was slightly more aggregated in cells
overexpressing EGFP-Rab11a and the lateral staining was more prominent, suggesting that
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overexpression of Rab11a may subtly alter the subcellular distribution of caveolin-1
containing compartments. As a second approach, we expressed caveolin-1-EGFP [35] in
MDCK cells and compared its localization with that of endogenous Rab11a in filipin
permeabilized cells (Figure 4). Like endogenous caveolin-1, caveolin-1-GFP was distributed
along the basolateral surface. However, although caveolin-1-GFP was found in the apical
region of cells, it was not concentrated in a subapical cluster and did not colocalize well with
endogenous Rab11a, suggesting caveolin-1-GFP is not correctly targeted to this
compartment under these conditions. Therefore, for further studies we focused primarily on
studies of endogenous caveolin-1 in cells expressing GFP-tagged version of Rab11 or its
modulators.

Subapical caveolin-1 shows a similar dependence as GFP-Rab11a on microtubule
manipulation

Endocytic trafficking between the apical or basal early endosome to the common endosome
and the apical recycling system is blocked by treatment with the microtubule
depolymerizing agent, nocodazole [41]. In fact, one of the most striking features of the
Rab11a-positive apical recycling endosomal compartment in MDCK cells is its microtubule
dependence. When microtubules are disrupted with nocodazole, the Rab11a compartment is
dispersed, whereas stabilization of the microtubules with taxol causes accumulation of
Rab11a in the subapical “corners” of cells [6]. Caveolin-1 has also been reported to undergo
microtubule-dependent transport [42]. Therefore, to investigate further the relationship
between caveolin-1 and Rab11a-containing vesicles, we directly compared the effects of
microtubule disruption on the subcellular distribution of the two proteins.

As shown previously, nocodazole dispersed EGFP-Rab11a throughout the cell, whereas
taxol caused an accumulation of EGFP-Rab11a in subapical “corners” of cells (Figure 5).
Remarkably, the subapical pool of caveolin-1 redistributed in a similar manner following
nocodazole and taxol treatment, and showed strong colocalization with EGFP-Rab11a in
cell corners in taxol-treated cells. Similar results were observed with cells extracted with
filipin (data not shown). Thus, subapical caveolin-1 has a similar microtubule dependence as
that of Rab11a, implying that the subcellular distribution of Rab11a- and caveolin-1-
containing vesicles within the apical recycling compartment are regulated in a coordinated
manner.

Mutants of Rab11-FIP2 alter the localization of caveolin-1
To examine further the regulation of subapical caveolin-1, we next tested the role of the
Rab11 effector Rab11-FIP2, a known regulator of apical recycling and transcytosis, in this
process [13, 43]. To do so, we took advantage of a previously identified series of Rab11-
FIP2 mutants that block discrete trafficking steps within the apical recycling pathway [13,
43]. These include a carboxyl-terminal truncation mutant missing the Rab binding domain
(ΔRAB) that causes the mutant FIP2 to become cytosolic and leads to the dispersal of
Rab11a-containing vesicles [43]. In addition, an amino-terminal truncation mutant missing
the C2 domain (ΔC2) [13, 43] and another mutant containing 2 point mutations, S229A/
R413G (SARG) [13] both collapse the apical recycling system, but at different steps [44].

To examine the effects of these mutants, MDCK cells stably expressing EGFP-tagged
versions of wild type or mutant Rab11-FIP2 were stained for endogenous caveolin-1 (Figure
6). Consistent with the overlap in Rab11a and caveolin-1 in the subapical region (Figure 1),
caveolin-1 was also present in close proximity to wild type EGFP-Rab11-FIP2 in the
subapical region of the cells (Figure 6). On close inspection, the two proteins resided on
intertwining tubulovesicular membranes (see Figure 6 insets). In cells expressing EGFP-
Rab11-FIP2(ΔRAB), the subapical population of caveolin-1 became dispersed, similar to the
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previously described effect of this mutant on Rab11a [43]. Expression of the mutant EGFP-
Rab11-FIP2(ΔC2) also resulted in a dramatic redistribution of caveolin-1, reminiscent of its
effects on Rab11a distribution [13, 43]. In particular, caveolin-1 was pulled into the
collapsed apical recycling system (Figure 6), where caveolin-1 and Rab11-FIP2(ΔC2)
appeared to reside on the coalesced tubulovesicular membranes (inset). Finally, cells
expressing the EGFP-Rab11-FIP2(SARG) mutant also showed altered caveolin-1
distribution, with a sub-population of caveolin-1 redistributing to the collapsed structures
induced by the SARG mutant. Thus, like Rab11a, subapical caveolin-1 is regulated by
Rab11-FIP2.

Flotillin-positive endosomal compartments are not regulated by Rab11-FIP2
The finding that caveolin-1 and Rab11a are coregulated by Rab11-FIP2 raised the question
of whether other raft-associated proteins are part of the same pathway. A number of recent
studies have identified flotillin as a marker of a raft-related endocytic pathway [45], and
flotillin has also been identified as a component of transferrin-containing recycling
endosomes in MDCK cells [26]. We therefore tested for possible regulatory role of Rab11-
FIP2 in controlling flotillin in polarized cells by examining the distribution of endogenous
flotillin-1 and flotillin-2 in the Rab11-FIP2 cells. Both proteins were localized to punctate
vesicular structures scattered throughout the cytoplasm (Figure 7 A,B) . Unlike the case of
caveolin-1 (Figure 6), the localization of flotillin-1 and flotillin-2 was not altered in cells
expressing mutant forms of Rab11-FIP2 (Figure 7C, D)). This suggests that flotillin-1 and
flotillin-2 are contained within endosomal compartments that are regulated independently of
Rab11-FIP2.

Discussion
Although caveolin-1 has previously been identified in endosomal recycling compartments of
polarized epithelial cells [26-29], little is known about how this population of caveolin-1 is
regulated. To address this question, in the current study we took advantage of our previous
observations that caveolin-1 in this region of the cell can be detected using specific N-
terminal caveolion-1 antibodies and fixation conditions [31] to examine specifically the
relationship between subapical caveolin-1 and Rab11a, a well-established marker of the
apical recycling system.

Our results indicate that subapical caveolin-1 vesicles share several common features with
Rab11a-positive apical recycling endosomes in polarized MDCK cells. First, the
morphology of both compartments demonstrates a similar dependence on fixation
conditions. Second, caveolin-1 staining substantially overlaps with GFP-Rab11a in this
region of the cell, and moreover the localization of both proteins is altered in a similar
fashion in response to microtubule disruption by either nocodazole or taxol treatment.
Finally, expression of mutants of Rab11-FIP2, an effector of Rab11, led to substantial
changes in caveolin-1 localization that mirror those previously reported for Rab11a. Thus,
caveolin-1 and Rab11a-containing vesicles are regulated in a coordinated fashion.

The finding that caveolin-1 intersects with Rab11a is at first glance surprising given that
clathrin-dependent endocytic vesicles have classically been thought to represent the
predominate mechanism by which traffic through the Rab11a controlled pathway originates.
However, it is increasingly recognized that multiple types of endocytic vesicles can merge in
the sorting or common endosome and from there proceed along common pathways,
including the Rab11a regulated apical recycling pathway [46]. We propose that the simplest
explanation for our findings is that caveolin-1 is a component of apical recycling or
transcytosing endosomes containing Rab11a. In support of this model, previous biochemical
studies identified caveolin-1 in H/K-ATPase-containing vesicles immunoisolated from
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human gastric mucosa [28]. These vesicles, which are known to contain high levels of
Rab11a, also contained caveolin-1 [28]. Some caveolin-1 may also be present in pathways
leading to or from apical recycling endosomes. For example, transferrin-containing vesicles
immunoisolated from MDCK cells also contain caveolin-1 [26]. Since transferrin-positive
endosomes in polarized cells are not positive for Rab11a [3, 47, 48], it is possible that the
presence of caveolin-1 in this compartment is the result of its trafficking to the common
sorting endosome. The presence of caveolin-1 in compartments that feed into apical
recycling endosomes could also explain why caveolin-1 only partially overlaps with Rab11a
and Rab11-FIP2.

It is not yet clear if caveolin-1 itself recycles between the apical or basolateral surface and
the apical recycling compartment, or if the subapical pool of caveolin-1 is regulated in an
autonomous fashion. In non-polarized cells, where caveolar trafficking has been best
studied, caveolin-1 undergoes microtubule-dependent trafficking to the pericentrosomal
region [42]. Caveolae appear to retain their identity following internalization and are
returned to the plasma membrane with their caveolin coat intact [49, 50]. Thus, internalized
caveolae have the potential to recycle directly to the plasma membrane. More recent studies
have also revealed that caveolin-1 can enter into endosomal and lysosomal compartments
when the protein is not incorporated into caveolae [51]. As such, internalization of caveolae
and caveolin-1 can be uncoupled. In MDCK cells, caveolin-1 is present on both the apical
and basolateral surface, but caveolae per se are typically only found basolaterally. However,
internalization of caveolin-1 and lipid raft-associated proteins from the apical plasma
membrane has been observed under some conditions [39, 40]. As a result, caveolin-1 could
potentially access apical recycling endosomes by transcytosis from the basolateral surface
via internalization of caveolae, or from the apical surface by a caveolae-independent
pathway.

Our results also suggest that the association of caveolin-1 with apical recycling
compartments is controlled by cell polarity. One possible way this might occur is raised by
the recent findings of Takahashi et al., who showed that cholesterol localization is dependent
upon the confluence of non-polar cells and that Rab11 is involved in endocytosis of certain
lipid subsets [52]. We speculate that caveolin-1 distribution may be controlled by a related
mechanism.

The function of caveolin-1 in the apical recycling system remains to be determined. Given
the role of caveolin-1 as an essential component of caveolae, it seems highly likely that
caveolin-1 may function in regulating trafficking or sorting in this compartment. A previous
study showed that caveolin-1 directly interacts with a cargo molecule of the apical recycling
system, polymeric IgA [29]. Caveolin-1 and polymeric IgA receptor also co-localize in deep
apical tubules in enterocytes, and this compartment may represent a site where apical
externalization of transcytosed IgA occurs [30]. However, as IgA trafficking occurs in
epithelial cells devoid of caveolin-1 [53], caveolin-1 does not appear to play an essential role
in IgA transcytosis. It is also interesting to note that the endocytic recycling compartments
of both non-polarized and polarized cells are highly enriched in cholesterol [26, 54-56]. As
previous investigations have suggested that both caveolin-1 and Rab11 regulate cellular
cholesterol transport and homeostasis [17, 52, 57-60], caveolin-1 may cooperate with Rab11
to control cholesterol trafficking through this compartment.

Conclusion
In conclusion, the results presented in this study suggest that caveolin-1 is a component of
the apical recycling system of polarized MDCK cells. Similar to Rab11a, subapical
caveolin-1 is dependent on microtubules and regulated by Rab11-FIP2. Given the many
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links between caveolin-1 and numerous cellular processes including cholesterol
homeostasis, cell signaling, and mechanotransduction, it will be important to define in future
studies which of these pathways depend on the function of caveolin-1 in the apical recycling
system.
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Figure 1. The apparent distribution of caveolin-1 in the apical region of MDCK cells is
dependent on fixation conditions
MDCK cells were grown for 4-5 days post-confluence on Transwell filters.
Paraformaldehyde fixed cells were extracted with Triton X-100 (A,B) or filipin (C,D), then
co-stained for actin (green in merged) and either caveolin-1 (red in merged in A and C) or
Rab11a (red in merge in B and D). Arrowheads indicate where the XY and XZ slices were
taken. Bar=10 μM
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Figure 2. The subapical caveolin-1 compartment is polarity dependent
MDCK cells were grown on Transwell filters for 1 day (A, E), 2 days (B,F), 3 days (C,G) or
4 days (D,H) post confluence. Paraformaldehyde fixed cells were extracted with filipin (A-
D) or with Triton X-100 (E-H) then co-stained for caveolin-1 (red in merged) and actin
(green in merged). Arrowheads indicate where the XY and XZ slices were taken. Bar=10
μM.
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Figure 3. Caveolin-1 does not colocalize with the early endosomal marker EEA1, but partially
co-localizes with GFP-Rab11a
MDCK cells grown for 4-5 days post confluence on Transwell filters were fixed with
paraformaldehyde and extracted with Triton X-100. GFP-Rab11a (green in merge) MDCK
cells were co-stained for caveolin-1 (red in merge) and EEA1 (blue in merge). Arrowheads
indicate where the XY and XZ slices were taken. Bar=5 μM.
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Figure 4. Caveolin-1-GFP does not colocalize with Rab11a in polarized MDCK cells
MDCK cells plated on Transwell filters were transiently transfected with caveolin-1-GFP
(green) and grown for an additional 4-5 days post confluence prior to fixation,
permeabilization in filipin, and labeling for (A) endogenous Rab11a (red) and actin (blue),
or (B) endogenous Rab11a (red) and EEA1 (blue). Bar = 10 μm.
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Figure 5. Subapical caveolin-1 exhibits a similar dependence on microtubules as GFP-Rab11a
A stable MDCK cell line expressing GFP-Rab11a (green) grown for 4-5 days post
confluence on Tranwell filters, was left untreated (A), or treated with either nocodazole (B)
or taxol (C), then fixed and extracted with Triton X-100. The cells were then costained for
caveolin-1 (red) and actin (blue). In the non-treated panel (A), one cell (indicated by the
white arrowhead) was enlarged and in shown in the insert. For clarity, only the GFP-Rab11a
(green) and caveolin-1 (red) channels were used for the insert in the merge panel. Black
arrowheads indicate where the XY and XZ slices were taken. Bar=5 μM.
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Figure 6. The distribution of subapical caveolin-1 is altered by Rab11-FIP2 mutants that affect
the subcellular distribution of Rab11a vesicles
Stable MDCK cell lines expressing GFP-Rab11-FIP2 wild type (WT), a C-terminal
truncation minus the Rab binding domain (ΔRAB), a N-terminal truncation minus the C2
domain (ΔC2) or a double point mutation (SARG) were grown on Transwells for 4-5 days
post confluence, fixed with paraformaldehyde, extracted with Triton X-100 and stained for
caveolin-1 (second column, red in merge). The GFP-FIP2 constructs are in the first column
(green in merge). White arrowheads indicate the cell that was enlarged for the insert. Black
arrowheads indicate where the XY and XZ slices were taken. Similar results were observed
with cells extracted with filipin. Bar=5 μm.
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Figure 7. The subcellular distribution of flotillin is unaffected by Rab11-FIP mutants
(A) MDCK cells were grown on Transwells for 4-5 days post confluence, fixed with
paraformaldehyde, extracted with methanol, and stained for endogenous flotillin-1. (B) As
in A except cells were stained for endogenous flotillin-2. (C) Stable MDCK cell lines
expressing GFP-Rab11-FIP2 wild type (WT), a N-terminal truncation minus the C2 domain
(ΔC2) or a double point mutation (SARG) were grown on Transwells for 4-5 days post
confluence, fixed with paraformaldehyde, extracted with methanol, and stained for
endogenous flotillin-1 (second column, red in merge). The GFP-FIP2 constructs are shown
in the first column (green in merge). Black arrowheads indicate where the XY and XZ slices
were taken. (D) As in C, except cells were stained for endogenous flotillin-2. Bar=5 μm.
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