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Myosin VI is a motor protein that moves toward the minus
end of actin filaments. It is involved in clathrin-mediated endo-
cytosis and associates with clathrin-coated pits/vesicles at the
plasma membrane. In this article the effect of the loss of myosin
VI no insert isoform (Nol) on endocytosis in nonpolarized cells
was examined. The absence of myosin VI in fibroblasts derived
from the Snell’s waltzer mouse (myosin VI knock-out) gives rise
to defective clathrin-mediated endocytosis with shallow clath-
rin-coated pits and a strong reduction in the internalization of
clathrin-coated vesicles. To compensate for this defect in clath-
rin-mediated endocytosis, plasma membrane receptors such as
the transferrin receptor (TfR) are internalized by a caveola-de-
pendent pathway. Moreover the clathrin adaptor protein, AP-2,
necessary for TfR internalization, follows the receptor and relo-
calizes in caveolae in Snell’s waltzer fibroblasts.

In eukaryotic cells diverse endocytic uptake pathways occur
at the plasma membrane; these have crucial roles in signal
transduction, immune surveillance, antigen presentation, cell-
cell communication, and cellular homeostasis. Clathrin-medi-
ated endocytosis is by far the best characterized pathway by
which cells internalize protein and lipid molecules, although at
least three other basic mechanisms, caveola-mediated endocy-
tosis, macropinocytosis, and clathrin- and caveola-indepen-
dent endocytosis, are also known to operate (1, 2). Recent
results have suggested that signaling receptors such as epider-
mal growth factor receptor (EGFR)? and other receptor tyro-
sine kinases could be endocytosed not only by the clathrin-de-
pendent pathway but also by alternative pathways involving
circular dorsal ruffles (3) or by caveolin/raft-dependent endo-
cytosis (4-7). Moreover, it was recently observed that the
transferrin receptor (TfR), a nonsignaling receptor that is inter-
nalized canonically by clathrin-mediated endocytosis, can also
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be endocytosed by a clathrin/dynamin-independent, cholesterol-de-
pendent pathway (8).

Caveolae were first observed more than 50 years ago on the
surface of endothelial cells; caveola-mediated endocytosis is the
best described clathrin-independent uptake route. Caveolae,
flask-shaped invaginations of the plasma membrane, are spe-
cialized lipid raft domains that are rich in cholesterol and
sphingolipids, with shape and structural organization main-
tained by the integral membrane protein caveolin. Although
not all mammalian cells express caveolin, caveolae are very
abundant at the plasma membrane of fibroblasts, adipocytes,
and endothelial and smooth muscle cells; however, the precise
uptake mechanism involved and how it is triggered and regu-
lated are thus far rather poorly understood.

Motor proteins such as myosin VI have been shown to be
involved in clathrin-mediated endocytosis (9—13). Myosin VI is
a unique actin-based motor protein that moves toward the
minus end of actin filaments, in the opposite direction to all
other myosins characterized thus far (14). In mammalian cells,
four alternatively spliced myosin VI isoforms have been identi-
fied that contain, in the tail region, no insert (Nol), a small insert
(SI; 9 amino acids), a large insert (LI; 21-31 amino acids), or
both the small and large inserts (S+L). The large insert isoform
is expressed in polarized cells at the apical domain, whereas the
Nol and the SI are expressed either in basolateral or apical
domains (15). Moreover, the Nol isoform is expressed in almost
all unpolarized cell (9, 16).

The endogenous myosin VI LI isoform in polarized Caco2
cells is associated with clathrin-coated structures at the api-
cal domain (9), but in other cell lines expressing the LI iso-
form, such as ARPE-19 cells, myosin VI does not co-localize
with clathrin (17) or the clathrin adaptor protein, AP-2 (16).
When the LI isoform tail, which works as a myosin VI dom-
inant negative inhibitor, is expressed in nonpolarized cells, it
is able to localize to clathrin-coated structures but gives rise
to a defect in transferrin receptor endocytosis (9). Overex-
pressing the myosin VI tail in ARPE-19 cells affects the TfR
endocytic route (17). The full-length myosin VI Nol splice
isoform shows reduced targeting to clathrin-coated struc-
tures in nonpolarized rat fibroblast (NRK) cells and in the
ARPE-19 cell line and a reduced ability to bring the uncoated
vesicles out of the plasma membrane actin-rich region (17).
Both myosin VI LI and Nol isoforms are, however, able to
bind the endocytic protein Disabled-2 (Dab2) (10). Dab2 is
considered an endocytic adaptor protein because it displays
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two DPF amino acid motifs, which are able to bind to the clath-
rin adaptor protein, AP-2 (10, 18). All myosin VI isoforms are
recruited to clathrin-coated structures in cells that overexpress
Dab2 (16). The recruitment and targeting of myosin VI to clath-
rin-coated structures at the plasma membrane require that
Dab2 binds to the WWY sequence motif, and phosphatidylino-
sitol 4,5-bisphosphate (PIP,) binds to the WKSKNKKR region
in the C-terminal cargo-binding domain of myosin VI (12).
These binding sites are conserved in all myosin VI isoforms. In
fact when the myosin VI Nol or LI isoform tails are transfected
into NRK cells, both isoforms are targeted to clathrin-coated
structures (16). PIP, is also able to bind Dab2 and clathrin adap-
tor protein AP-2 directly (19, 20). Myosin VI has a number of
different functions in membrane trafficking, such as the sorting
and delivering of AP-1B-dependent cargo to the basolateral
domain in polarized Madin-Darby canine kidney cells (15) and
the transport of transferrin receptor to the endocytic recycling
compartment (21, 22).

In the Snell’s waltzer mouse (sv/sv; the myosin knock-out) an
intragenic deletion of the Myo6 gene results in a complete lack
of myosin VI expression (23). The most obvious phenotype in
the sv/sv mouse is an inner ear defect resulting in circling, head
tossing, deafness, and hyperactivity (24). Lack of myosin VI in
the sv/sv mouse gives rise to degeneration and fusion of the
stereocilia in cochlea hair cells (25), whereas in hippocampal
neurons there are defects in AMPA receptor endocytosis that
result in altered synapse structure and astrogliosis (26). In addi-
tion in the apical domain of enterocyte brush border cells, there
is a defect in the endocytosis of the cystic fibrosis transmem-
brane conductance regulator (27). In humans a missense muta-
tion in the myosin VI gene was recently identified in an Italian
family with a nonsyndromic dominant form of deafness (28).
This C442Y mutation in the motor domain is close to the ATP
binding pocket and dramatically increases the rate of ADP dis-
sociation (29). Several different mutations in the myosin VI
gene have also been identified in three Pakistani families suffer-
ing from recessive deafness (30).

The relatively mild phenotypes observed in the sv/sv
mouse are in sharp contrast to the apparently essential roles
that myosin VI appears to play in many intracellular pro-
cesses, especially its crucial role in clathrin-mediated endo-
cytosis. Therefore, to determine how the sv/sv mouse is able
to compensate for the lack of myosin VI, the endocytic path-
way followed by the TR (the prototype receptor internalized
by clathrin-mediated endocytosis) was studied in sv/sv fibro-
blasts. In these fibroblasts a significant defect in clathrin-
coated vesicle formation and a relocalization of the TfR from
clathrin-coated structures (CCS) to caveolae were observed.
Clathrin-mediated endocytosis was rescued in these sv/sv
fibroblasts by expressing a full-length myosin VI Nol iso-
form construct. Recruitment of the TfR into caveolae was
also observed in siRNA myosin VI knockdown (KD) HeLa
cells, in cells overexpressing the dominant negative myosin
VI tail, and in human fibroblasts expressing a myosin VI
mutant with altered motor properties. In HeLa cells depleted
of both myosin VI and caveolin-1, transferrin internalization
was inhibited. These results suggest that loss of myosin VI
gives rise to a severe defect in clathrin-mediated endocyto-
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sis, and to compensate for this defect, alternative endocytic
pathways are up-regulated to allow plasma membrane recep-
tors such as the transferrin receptor to be internalized and
follow their normal endocytic route. In this scenario, the
clathrin adaptor protein, AP-2, necessary for transferrin
receptor internalization, is also relocalized to caveolae.

EXPERIMENTAL PROCEDURES
Antibodies and Reagents

The antibodies used were as follows: rabbit anti-myosin VI
(Sigma), rabbit anti-myosin VI (C-terminal), and rabbit anti-
myosin VI (tail) (gifts from Folma Buss); rabbit anti-caveo-
lin-1 (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit
anti-caveolin-1 (BD Biosciences); mouse anti-AP-2 (Affinity
BioReagents, Golden, CO); rabbit anti-GFP (Molecular Probes,
Eugene, OR); mouse anti-TfR (Zymed Laboratories Inc., San
Francisco, CA); mouse anti-TfR 5E9C11 (ATCC, Manassas,
VA); rabbit anti-mouse (Dako, Glostrup, Denmark); mouse
anti-clathrin (Abcam); human Tf-Alexa-555 (Invitrogen); hu-
man Tf-HRP (Jackson ImmunoResearch); and protein A-gold
(Cell Microscopy Centre, Utrecht, The Netherland). Filipin,
Dynasore, water-soluble cholesterol, and fatty acid-free bovine
serum albumin were from Sigma. p-Lactosyl-B1-1"-N-octano-
yl-p-erythro-sphingosine (C8-LacCer) was from Avanti Polar
Lipids. Secondary fluorochrome-labeled antibodies were
from Molecular Probes. The HeLa cell line stably expressing
myosin VI Nol tail and clathrin-GFP light chain were gifts
from Folma Buss.

Mouse Fibroblasts

Snell’s waltzer (sv/sv) and wild type (wt/wt) mouse fibro-
blasts were obtained from adult mice using the following
procedure. 1 cm of mouse tail was disinfected with ethanol,
cut, and placed in a mixture of Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, penicil-
lin (1000 units/ml)/streptomycin (1 mg/ml), and L-gluta-
mine (2 mm). The derma was scraped, homogenized with a
25-gauge needle, and cultured in a 5-cm Petri dish in the
same medium described above. Primary fibroblasts were
subcultured at low density with medium supplemented with
20% serum to obtain stable clones. The same procedure was
performed for wt/wt and myosin VI C442Y mutant human
fibroblasts to obtain stable cell lines.

EM Methods

Immunogold Labeling on Cryosections—Mouse and human
fibroblasts or HeLa cells were fixed for immunoelectron
microscopy with a mixture of 2% paraformaldehyde and 0.2%
glutaraldehyde in PBS for 2 h at room temperature. Cells were
then prepared for ultrathin cryosectioning and immunogold-
labeled according to the protocol described previously (4). The
sections were observed in a Philips CM100 transmission elec-
tron microscope. Following the normal Epon embedding tech-
nique, mouse fibroblasts were fixed in growing condition. The
cells were fixed and embedded following the procedure
described previously (31). Ruthenium red fixation was per-
formed using a method described previously (31, 32).
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Morphometry—Morphometric analysis of immunogold
labeling was performed at a magnification of X10,500 on ran-
domly selected cells profiles with the nucleus for each experi-
ment. Ten random cell profiles were counted for each condi-
tion. Clathrin-coated structures were identified directly by the
dark shadow of the clathrin coating, whereas caveolae were
identified by caveolin-1 labeling. Quantitation of the amount of
clathrin-coated structures or caveolae was normalized for a
1000-um length of cell perimeter. The cell profiles were cal-
culated on low magnification pictures by the “intersection
method” (33). The histograms show the percentage of TfR (cal-
culated from the number of gold particles) present on labeled
caveolae or clathrin-coated structures (Figs. 5— 8). Further details
of each experiment are given in the figure legends (Figs. 5—8).

HRP and Tf-HRP Uptake

HRP and Tf-HRP uptake was performed as described
previously (34 —37). Briefly, the cells were grown on 35-mm
dishes, serum-starved for 1 h, washed twice in PBS/
Ca?>"Mg?", and incubated with 4 mg/ml HRP or 30 pg/ml
Tf-HRP for different time periods (5-20 min) at 37 °C in a
continuous uptake assay. After the 37 °C uptake, all of the
dishes were placed on ice, treated for 10 min with PBS/0.1%
Pronase as the stripping/detaching agent, and solubilized in
PBS/0.5% Triton X-100. The cell lysates were incubated in
the dark for 20 min with 3,3',5,5'-tetramethylbenzidine. The
reaction was stopped with 1 M H,SO,, and absorbances were
read at 450 nm. The Tf-HRP data were expressed as percent-
age of the amount of plasma membrane (34). The HRP data
were normalized for protein concentrations using the BCA
protein assay and expressed as arbitrary units. All experi-
ments were performed in duplicate.

Pharmacological Studies

Dynasore, filipin, filipin/cholesterol, and C8-LacCer treat-
ments were performed using methods described previously (4,
38-40). Briefly, wt/wt and sv/sv fibroblasts were starved for 1 h
in serum-free medium and incubated for 1 h with filipin (1.2
pg/ml), filipin/cholesterol (1.2 wg/ml-1 mm), Dynasore (120
mum), and C8-LacCer (10 um) followed by incubation with Tf-
HRP in continuous uptake for 5 min. The cells were then
treated as described above.

Gene Silencing

HeLa cells were transfected twice with human myosin VI
or/and caveolin-1 ON-TARGETplus SMARTpool siRNAs
(Dharmacon) using Oligofectamine (Invitrogen) as described
previously (41). The mock cells were transfected either with a
control siRNA such as a scrambled oligo or with Oligo-
fectamine only. Western blot analysis was used to check the
level of myosin VI/caveolin-1 in these cells. HeLa stable cell
lines that down-regulate myosin VI were obtained with Sure-
Silencing™ myosin VI small hairpin RNA plasmids (Super-
Array-Bioscience Corp.) according to the manufacturer’s
instructions.

sv/sv MVI Nol

The GFP-tagged full-length myosin VI Nol isoform was
cloned into the PIRESneo vector (Invitrogen) and transfected
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into sv/sv mouse fibroblasts using FUGENE (Roche Applied
Science). Stable sv/sv mouse fibroblasts cell lines were selected
with 500 ug/ml G418 (Invitrogen). A plug of individual clones
for each construct was grown in selective medium, and the pop-
ulation of highly expressing cells was enriched by fluorescence-
activated cell sorting.

PCR Analysis

To assess the expression of myosin VI in HeLa cells and in
human and in mouse fibroblasts, the Purescript® RNA isolation
kit was used (Gentra Systems). The resulting RNAs were used
in reverse transcription-PCR reactions using primers flanking
the myosin VI tail region. The expression levels of the different
myosin VI isoforms were visualized by running the PCR prod-
ucts on agarose gels.

Immunofluorescence

HeLa cells, mock or expressing GFP-myosin Nol isoform
or GFP-myosin VI Nol tail, were fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton, blocked with 1%
bovine serum albumin in PBS, and processed for indirect
immunofluorescence using rabbit anti-myosin VI or rabbit
anti-GFP and mouse anti-AP-2 followed by secondary anti-
bodies coupled with Alexa-488 or Alexa-555. Snell’s waltzer
and wt/wt fibroblasts were incubated for 15 min at 37 °C
with Tf-Alexa-555 (25 wg/ml). The cells were washed twice
with PBS, fixed with 4% paraformaldehyde in PBS, and
labeled with anti-AP-2 antibody, clathrin, and caveolin-1. The
cells were visualized with a Zeiss Axioplan epifluorescence
microscope, a Zeiss LSM-510 confocal microscope, or a Zeiss
TIRF 3 microscope (Carl Zeiss Microlmaging Inc.). wt/wt and
sv/sv fibroblasts were transfected with clathrin-GFP light chain
and analyzed by total internal reflection fluorescence (TIRF)
microscopy (TIRF 3, Carl Zeiss Microlmaging Inc.). 500 fields
of 150 X 150 pixels were analyzed by Volocity software, version
5 (Improvision-PerkinElmer).

Western Blot Analysis

wt/wt and sv/sv fibroblasts or HeLa cells in steady state con-
ditions were lysated directly in SDS-sample buffer and analyzed
by SDS-PAGE followed by immunoblotting. Blots were devel-
oped using ECL detection reagent (Amersham Biosciences).

RESULTS

The Myosin VI Nol Isoform Is Targeted to CCS at the Plasma
Membrane—To investigate the role of myosin VI in clathrin-
mediated endocytosis at the ultrastructural level, skin fibro-
blasts were isolated from wild type and Snell’s waltzer mice that
lack myosin VI. Primary fibroblasts were cultured for several
weeks to generate spontaneous immortalized cell lines. Using a
PCR-based strategy, we established that in nonpolarized
human fibroblasts and HeLa cells, only the myosin VI Nol iso-
form was expressed, whereas in mouse fibroblasts we detected
both Nol and myosin VI Sl isoforms (Fig. 14). Previous studies
had shown that in NRK cells the myosin VI LI isoform is
recruited with high affinity to CCS at the plasma membrane,
whereas the endogenous myosin VI Nol isoform shows only
partial co-localization with clathrin (9). In a HeLa cell line over-
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FIGURE 1. The myosin VI Nol isoform localizes to CCS at the plasma mem-
brane. A, PCR analysis of myosin VI isoforms expressed in nonpolarized cells.
HelLa cells and human wild type fibroblasts express the myosin VI Nol isoform,
whereas mouse wild type fibroblasts express both the Nol and the Slisoforms.
B, Western blot analysis of HeLa whole cell lysates using different myosin VI
antibodies: an antibody against the C-terminal tail (lane a), an antibody
against the whole tail (lane b), and the C-terminal tail of myosin VI (lane c).
C, co-localization of myosin VI (a-d), GFP-myosin VI Nol (e- h), and GFP-myo-
sin VI Nol tail (i-/) with AP-2. The boxes in the merged image in g, e, and i
indicate the areas enlarged in the adjacent panels b-d, f-h, and j-I, respec-
tively. Arrows indicate examples of co-localization. D, to visualize myosin VI
localization at the ultrastructural level in unpolarized cells, cryosections of
HelLa cells and human and mouse wild type fibroblasts were immunogold-
labeled with a commercial antibody to the C-terminal region of myosin VI
(a-0), an antibody to the whole tail (d), or an antibody the C-terminal tail of
myosin VI (e). Cryosections of HeLa cells expressing GFP-myosin VI Nol were
labeled with an antibody against GFP (f). Bars: a, 200 nm; b, 200 nm; ¢, 300 nm;
d, 200 nm; e, 200 nm; f, 200 nm.

expressing either full-length GFP-myosin VI Nol or GFP-myo-
sin VI Nol tail, a significant increase in the number of AP-2
positive structures containing full-length myosin VI Nol or
only the Nol tail were observed compared with the endogenous
myosin VI (Fig. 1C). The Nol tail domain is targeted to clathrin-
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coated structures, but without a functional motor domain it
cannot be released again, which results in the increased co-
localization of the Nol tail with AP-2 (Fig. 1C, i—/). Similar
results were obtained in wild type (wt/wt) mouse fibroblasts for
the endogenous myosin VIand overexpressing full-length myo-
sin VI Nol or the Nol tail (supplemental Fig. 1). In HeLa and
mouse fibroblasts there is only a small amount of co-localiza-
tion of the endogenous myosin VI with AP-2, but it is specific,
as demonstrated in the experiments shown in supplemental
Fig. 2. Endogenous myosin VI was detected at the ultrastruc-
tural level in clathrin-coated pits and vesicles in HeLa cells and
in human and mouse fibroblasts using a range of different poly-
clonal antibodies against myosin VI (Fig. 1, B and D, a-e),
whereas in the HeLa cell line expressing full-length GFP-myo-
sin VI Nol, its localization was detected using a polyclonal anti-
body to GFP (Fig. 1D, f).

The specificities of the myosin VI antibodies used are shown
in a Western blot (Fig. 1B). These results demonstrate that the
myosin VI Nol isoform, which is the isoform expressed in non-
polarized cells, can be recruited to clathrin-coated structures at
the plasma membrane.

Analysis of Clathrin-coated Structure Profiles in Snell’s
Waltzer Fibroblasts—Previous studies on sv/sv mice have
shown that the absence of myosin VI leads to a reduction in
AMPA receptor endocytosis in hippocampal neurons (26) and
a defect in cystic fibrosis transmembrane conductance regula-
tor internalization in enterocytes (27). However it is not known
whether other ubiquitous plasma membrane receptors such as
T{R are internalized normally in the absence of myosin VI. So to
compare clathrin-coated pit and vesicle formation at the ultra-
structural level in sv/sv and wt/wt fibroblasts, they were fixed
and embedded in Epon, and sections were cut and analyzed
by EM. sv/sv fibroblasts showed mostly flat, shallow, clath-
rin-coated pit profiles at the plasma membrane and few
clathrin-coated vesicle profiles (clathrin-coated structures
with no connection with the plasma membrane). Represen-
tative micrographs of wt/wt and sv/sv fibroblasts are shown
in Fig. 2A. To quantify this observation, a morphometric
analysis from four independent experiments was performed.
Cross-sections of CCS were divided into shallow clathrin-
coated pits (panel I), invaginated clathrin-coated pits (panel II),
and clathrin-coated structures without an obvious connection
with the plasma membrane, which can be either a pit or a vesicle
(panel III) (Fig. 2B). The number of CCS profiles in each cate-
gory for wt/wt and sv/sv fibroblasts are summarized in the table
in Fig. 2B. The results show that in sv/sv fibroblasts more shal-
low clathrin-coated pits (I) (53%) and less pit/vesicles (IIT) (16%)
are present compared with wt/wt fibroblasts, where 25% shal-
low pits (I) and 49% of pit/vesicles (III) were observed. More-
over the total number of clathrin-coated structure profiles (per
1000 wm of cell perimeter) in the sv/sv cells is less than in the
wt/wt cells (6 versus 8.8) (Fig. 2C). These observations at the
ultrastructural level suggest that in sv/sv fibroblasts less clath-
rin-coated structures are assembled, and those that are assem-
bled are mostly shallow clathrin-coated pits. To further inves-
tigate whether sv/sv fibroblasts show less clathrin-coated
structures than wt/wt, mouse fibroblasts (sv/sv and wt/wt) were
transfected with clathrin-GFP light chain and analyzed by TIRF
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microscope. A decrease of clathrin positive structures also was
observed in sv/sv fibroblasts compared with wt/wt (Fig. 2, D
and E).

sv/sv Fibroblasts Show a Dramatic Decrease in Clathrin-
coated Vesicle Formation—The ultrastructural analysis of sv/sv
fibroblasts indicated that these cells contained fewer cross-sec-
tions of clathrin-coated structures without a visible connection
to the plasma membrane. These structures could either be a
“real vesicle” that has pinched off from the plasma membrane
or a transverse section of a pit, which does not show a connec-
tion with the plasma membrane. To distinguish between a pit
and a vesicle profile, we analyzed cells fixed in the presence of
ruthenium red. This dye is deposited as a dark fuzzy layer on the
outside of the plasma membrane and on membrane invagina-
tions still connected with the cell surface, but it is not present on
intracellular membranes. Therefore fixing wt/wt and sv/sv
fibroblasts in the presence of ruthenium red allowed us to dis-
tinguish between a clathrin-coated pit and an internalized
clathrin-coated vesicle (Fig. 34). These experiments were per-
formed using one wild type fibroblast cell line and two different
Snell’s waltzer cell lines derived from two different mice. Anal-
ysis and quantization of 100 CCS (from two independent exper-
iments; n = 2) fixed with ruthenium red revealed that in wild
type fibroblasts 65% of the CCS were pits and 35% were inter-
nalized clathrin-coated vesicles without ruthenium red staining
(Fig. 3B). In sv/sv fibroblasts very few internalized clathrin-
coated vesicles (only 5.5% (sv/sv1) or 4% (sv/sv2)) were detected
(Fig. 3B). However, when the MVI Nol isoform was transfected
into and expressed in sv/sv fibroblasts, it was possible to rescue
clathrin-mediated endocytosis to roughly similar wt/wt levels
(29.5%) (Fig. 3B). These results suggest that although sv/sv
fibroblasts are able to assemble and start to form clathrin-
coated pits at the plasma membrane, they are unable to further
invaginate or pinch off and therefore are able to release only a
small percentage of the clathrin-coated vesicles into the cell.

Transferrin Uptake in sv/sv Fibroblasts—The transferrin
receptor is considered the prototype of a receptor internalized
by clathrin-dependent endocytosis. To investigate whether the
transferrin receptor is internalized normally in sv/sv cells that
show a strong reduction in the number of clathrin-coated ves-
icles released into the cell, Tf-HRP internalization in sv/sv and
wt/wt fibroblasts were followed in a time course uptake assay.
Receptor-mediated endocytosis appeared to be more efficient
in the sv/sv fibroblasts compared with wt/wt fibroblasts (Fig.
4A), suggesting that other endocytic mechanisms must be up-
regulated to compensate for the defect in clathrin-mediated
endocytosis that occurs in sv/sv fibroblasts.

To investigate which mechanisms are up-regulated in the
absence of myosin VI, fluid phase HRP internalization as a
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FIGURE 3. sv/sv fibroblasts internalize only a few clathrln-coated pits as
shown by ruthenium red staining. A, to distinguish between a clathrin-
coated pit (CCP) and a clathrin-coated vesicle (CCV), wt/wt mouse fibroblasts
and two Snell’s waltzer cell lines (sv/sv 1 and sv/sv 2) were fixed in the pres-
ence of the plasma membrane dye ruthenium red. EM images show a repre-
sentative example of clathrin-coated pit ruthenium red-positive and -nega-
tive structures. Bar, 120 nm. B, morphometric quantitation of clathrin-coated
pits and clathrin-coated vesicles present in wt/wt, sv/sv 1, sv/sv 2, and the
rescue cell line (sv/sv + MVI Nol) expressing full-length myosin VI Nol. Analy-
sis was performed on 100 CCS in two independent experiments = S.D. The
results are plotted in a histogram showing the relative amounts of clathrin-
coated pits and clathrin-coated vesicles in wt/wt and sv/sv cell lines.

marker for nonselective pinocytosis was followed in sv/sv and
wt/wt fibroblasts. The internalization of the HRP enzyme
appeared to be comparable in the sv/sv and wt/wt fibroblasts at
all time points. This result suggests that the defect in clathrin-
mediated endocytosis due to the loss of myosin VI does not
up-regulate fluid phase pinocytosis to compensate (Fig. 4B). To
investigate how the TfR is internalized, wt/wt and sv/sv fibro-
blasts were loaded with transferrin-Alexa-555 and labeled with
anti-clathrin or anti-caveolin antibodies (Fig. 4C). In the immu-
nofluorescence images in sv/sv fibroblasts, the constitutively
endocytosed Tf is present in caveolae and does not co-local-
ize with clathrin, suggesting that caveolar endocytosis is the
endocytic pathway that compensates for the defect in clath-
rin endocytosis of transferrin receptor due to the absence of
myosin VI.

FIGURE 2. Ultrastructural analysis of CCS at the plasma membrane in Snell’s waltzer mouse fibroblasts. A, for ultrastructural analysis of CCS at the plasma
membrane, wt/wt, and sv/sv fibroblasts were processed for Epon-embedding EM. Representative electron micrographs of wt/wt and sv/sv fibroblasts indicate
that sv/sv fibroblasts show a higher number of shallow CCP and a lower number of invaginated CCP or CCS without connection to the plasma membrane Bars:
wt/wt, 200 nm; sv/sv, 500 nm. B, results of amorphometric analysis counting CCSin 10 cell profiles and normalized for 1000 wm of cell perimeter in four different
experiments (£S.D.) are shown. For quantitation the CCS were divided into three different categories: /, shallow CCP; /I, deeper invaginated CCP; and /ll,
clathrin-coated pits or vesicles with no obvious connection with the plasma membrane. C, a histogram of the relative amounts of the three different categories
of CCS in wt/wt or sv/sv fibroblasts. D, wt/wt and sv/sv mouse fibroblasts were transfected with GFP-tagged clathrin light chain and analyzed by epifluores-
cence microscope. E, TIRF microscopy was used to score 500 fields from each of the samples in the experiment shown in D, and the fields were analyzed by
Volocity software to quantify the amount of clathrin structures in the two different cell lines. The numbers are an expression of the average intensity of

GFP-clathrin in the different fields = S.E.
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In sv/sv Fibroblasts the TfR Is Present in Caveolae—To fur-
ther investigate whether the transferrin receptor is present in
caveolae in cells lacking myosin VI, a precise EM analysis was
performed on cryosections of sv/sv and wt/wt fibroblasts
labeled with antibodies to the TfR. In wt/wt fibroblasts, the
T{R was found, as expected, in clathrin-coated structures at
the plasma membrane, whereas in sv/sv fibroblasts the
receptor was associated with uncoated endocytic structures
at the plasma membrane (Fig. 54, b). Double labeling exper-
iments with anti-caveolin-1 antibodies revealed that in sv/sv
fibroblasts the receptor was present in caveolae (Fig. 54, ¢
and e). In addition, when comparing sv/sv fibroblasts with
wild type, we observed a higher number of caveolae in the
electron micrographs taken from sv/sv fibroblasts (Fig. 5B)
and an increase in caveolin-1 expression by Western blotting
(Fig. 5C).

In a morphometric quantization, the amount of gold-labeled
TfR associated with clathrin-coated structures or with caveolar
profiles at the plasma membrane was counted. In wt/wt cells
the majority of the TfR (93%) was present in clathrin-coated
structures, whereas in sv/sv fibroblasts a complete relocation of
the receptor to caveolae (96%) was observed, and only 4% was
still found in CCS. To test whether it was possible to restore
wild type distribution of the TfR in sv/sv fibroblasts, rescue
experiments were performed by expressing a GFP-myosin VI
Nol isoform full-length construct in sv/sv fibroblasts. This con-
struct was targeted to clathrin-coated structures at the plasma
membrane (Figs. 1C, f, and 5E) and was able to rescue the wild
type phenotype, with the TfR now being present in clathrin-
coated structures (Fig. 5, B and D). These experiments suggest
that to compensate for the defect in clathrin-mediated endocy-
tosis caused by the loss of myosin VI, the TfR is endocytosed by
a clathrin-independent, caveola-dependent pathway.

In Human Fibroblasts Expressing The Myosin VI Mutant
(C442Y) the TfR Is Presents in Caveolae—Fibroblasts were
obtained from an Italian family carrying a mutation in the myo-
sin VI gene (C442Y) (28). This point mutation, near the ATP
binding pocket in the motor domain, affects the motor proper-
ties of myosin VI and leads to a 10-fold increase in the ADP
dissociation rate (29). To investigate whether this mutation in
the motor domain affects myosin VI function in clathrin-medi-
ated endocytosis, the TfR was immunolocalized by immunoflu-
orescence at the EM level, and a morphometric analysis was
performed as described above. In the fibroblasts expressing the
myosin VI mutant (C442Y), the TfR is no longer found in the
CCS, but the majority of receptor is now present in caveolae
(Fig. 6, A and B). As in sv/sv fibroblasts, in myosin VI C442Y
mutant fibroblasts an increase in the total number of caveolae
was observed, indicating that in these mutant myosin VI-con-
taining fibroblasts, caveola-mediated endocytosis is also
up-regulated to compensate for defects in the clathrin-depend-
ent uptake route (Fig. 6, C and D).

Role of MVI Nol Isoform in Endocytosis of TfR

In Myosin VI siRNA Knockdown Cells the TfR Associates with
Caveolae at the Plasma Membrane—Fibroblasts derived from
the Snell’s waltzer (myosin VI knock-out) mouse and mutant
human myosin VI (C442Y) fibroblasts display a dramatic defect
in clathrin-mediated endocytosis with a compensatory recruit-
ment of TfR into caveolae for internalization. To verify this
unexpected phenotype and to investigate whether it is linked
directly to the loss of myosin VI, siRNA knockdown experi-
ments were performed to reduce the cellular expression level of
myosin VIin HeLa cells. HeLa cells were mock-treated or trans-
fected twice with a SMARTpool of four different siRNAs spe-
cific for myosin VI. siRNA transfection reduced the expression
level of myosin VI to less than 5% of the normal level as com-
pared with mock-treated cells (Fig. 7C). To study the effects of
myosin VIdepletion on the localization of the TfR at the plasma
membrane, the KD and control mock cells were fixed and pro-
cessed for immuno-EM by double labeling with antibodies to
caveolin-1 and the TR (Fig. 7A). To analyze the distribution of
the TfR at the plasma membrane, a morphometric analysis of
1000 wm of cell profiles from two independent experiments was
performed. The number of gold-labeled TfR present in CCS
profiles or caveolar profiles and the number of unlabeled CCS
profiles or caveolar profiles at the plasma membrane were
counted (Fig. 7B). This analysis revealed that in mock-treated
cells 96% of the TR was found in CCS profiles and only 4% in
caveolar profiles, whereas in myosin VI KD cells 32% of the
TR was in CCS profiles and 68% in caveolar profiles. More-
over using the ruthenium red fixation strategy on four dif-
ferent HeLa stable cell lines that down-regulate myosin VI, a
defect was also observed in the number of clathrin-coated
vesicles internalized, similar to that found in sv/sv fibro-
blasts (Fig. 7E).

Overexpression of the Dominant Negative Myosin VI Tail
Results in Smaller CCS and Recruitment of the TfR into
Caveolae—In sv/sv fibroblasts and siRNA myosin VIKD cells, a
relocation of the TfR from clathrin-coated structures into
caveolae was observed. To use an alternative method to inhibit
myosin VI function, a stable HeLa cell line overexpressing the
dominant negative tail of myosin VI was used. This tail con-
struct is able to target to clathrin-coated structures at the
plasma membrane (Fig. 1B, i-[), but without the motor domain
it is nonfunctional and therefore blocks the activity of endoge-
nous myosin VI in clathrin-coated structures. The HeLa cell
line expressing GFP-tagged myosin VI Nol tail was processed
for immunogold labeling on cryosections and labeled with anti-
bodies to GFP. The GFP myosin VI tail is present in clathrin-
coated structures at the plasma membrane, and these CCSs
appear smaller and less loaded with TfR compared with control
cells (Fig. 84). A 40% reduction in the size of CCSs at the plasma
membrane was observed. The average size of a CCS carrying
TfRis 102 £ 12 nm in control cells compared with 63 £ 12 nm
in GFP-myosin VI Nol tail-expressing cells, and receptor load-

FIGURE 4. Transferrin uptake in sv/sv fibroblasts. wt/wt and sv/sv fibroblasts were incubated in the presence of Tf-HRP in a continuous uptake assay (A) or
with HRP at 37 °C for different times (min) (B). The amount of Tf-HRP or HRP internalized was determined as described under “Experimental Procedures.” The
amount of Tf-HRP internalized in the continuous uptake assay is expressed as a percentage of the transferrin bound on the plasma membrane. C, wt/wt (a-d
and i-/) and sv/sv (e- h and m-p) fibroblasts were incubated for 15 min at 37 °C with Tf-Alexa-555 (red) and co-localized with caveolin-1 or clathrin (green). The
boxes in b-d, f-h, j-I, and n-p indicate the areas enlarged in adjacent panels g, e, i, and m. Arrows indicate examples of co-localization.
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FIGURE 5. The TfRis present in caveolae in sv/sv fibroblasts. A, to visualize the TfR in endocytic structures at the plasma membrane, cryosections of wt/wtand sv/sv
fibroblasts were labeled with antibodies to the TfR (a and b) and to caveolin-1 and TfR (c- e). Whereas in wt/wt fibroblasts only the TfRis present in CCS (aand d), in sv/sv
fibroblasts the TfR is almost completely relocated to uncoated structures (b) and to caveolin-1 (cav1) positive structures (c and e). Bars: a, 350 nm; b, 350; ¢, 250 nm; d,
350 nm; e, 300 nm. B, to quantify these observations a morphometric analysis was carried out to determine the labeled and unlabeled organelles in 1000 um of cell
profiles. The relative amounts of TfR in CCS or caveolae in two independent experiments * S.D. are shown. C, the Western blot shows an increase in caveolin-1
expression in sv/sv compared with wt/wt fibroblasts. An anti-calregulin blot is shown as the loading control. D, the histogram summarizes the relative amounts of TfR
present in CCS or caveolae. £, cryosections of sv/sv fibroblasts transfected with GFP full-length myosin VI Nol (sv/sv + MVI Nol) were labeled with antibodies to GFP to
localize myosin V1. The construct binds clathrin-coated structures at the plasma membrane. Bar, 350 nm.
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FIGURE 6. Human fibroblasts expressing the myosin VI mutant (wt/C442Y) show a relocalization of the
TfR to caveolae. A, wt/wt and sv/sv fibroblasts were loaded with Tf-Alexa-555, labeled with caveolin-1, and
observed by confocal microscope. As in sv/sv fibroblasts, the wt/C442Y-expressing human fibroblasts show a
relocalization of transferrin to caveolae compared with the wt/wt. B, cryosections of human fibroblasts (wt/
C442Y) and control human fibroblasts (wt/wt) were double labeled with antibodies against caveolin-1 (cav1)
and TfR. The electron micrographs show representative fields, where the TfR is presentin CCS in wt/wt cells and
in caveolae in mutant wt/C442Y fibroblasts. Bar, 300 nm. C, to quantify this observation, a morphometric
analysis was carried out to count the number of organelles in 1000 um of cell profiles in human wt/wt or
mutant wt/C442Y fibroblasts in two different experiments. D, the results of the morphometric analysis are
shown in the histograms highlighting the redistribution of the TfR from CCS to caveolae in wt/C442Y fibro-
blasts, which carry a mutation in the motor domain in the myosin VI gene.

endocytosis is less efficient. To
determine where the TfR is located
in these cells, a morphometric anal-
ysis was performed on cryosections
of the myosin VI Nol tail-expressing
cells stained with antibodies to the
TfR. The number of CCS and caveo-
lar profiles containing gold particles
indicating the presence of the TR
and the number of unlabeled struc-
tures was counted in 1000 um of
cell profiles from two independent
experiments (Fig. 8D). Whereas in
control HeLa cells only 4% of the
TR was found in the caveolae, in the
cells expressing the dominant nega-
tive tail, 68% of the TfR was now
associated with caveolae (Fig. 8E).
These results show that overexpres-
sion of the myosin VI Nol tail leads
to defects in clathrin-coated vesicle
formation and results in the associ-
ation of the TfR with caveolae, thus
confirming our results from sv/sv
fibroblasts and siRNA myosin VI
KD cells. Moreover, the smaller size
of the clathrin-coated structures
(with less receptor) generated by the
presence of myosin VI Nol tail sug-
gests that myosin VI might have a
function in receptor loading into
clathrin-coated pits.

In the Absence of Myosin VI, Does
the Transferrin Receptor Relocalize
Only on Caveolae or Is It Also Inter-
nalized by Caveola-mediated En-
docytosis?—To determine whether
loss of myosin VIinduces just a relo-
calization of transferrin receptor
onto caveolae or whether the caveo-
lae are then able to detach from the
plasma membrane to internalize the
Tf receptor, the following experi-
ments were performed on mouse
fibroblasts and HeLa cells. sv/sv and
wt/wt fibroblasts were treated with
filipin (a cholesterol-blocking drug
used normally to block caveolar
uptake (4, 42, 43)), filipin and exog-
enous cholesterol, C8-LacCer (a
lipid able to block caveolar endocy-
tosis (40)), or Dynasore (a dynamin-
blocking drug (39)) and loaded with
Tf-HRP for 5 min (34, 36, 35). Fili-

ing is also reduced (2.7 = 1.3 gold particles/CCS in controland  pin and LacCer treatment when used in sv/sv cells was able to
1.8 = 0.9 in Nol tail cells). reduce transferrin uptake by more than 60% (Fig. 94) but had

The reduced size and loading of CCS caused by overexpres- no effect on wt/wt cells. The use of exogenous cholesterol was
sion of the myosin VI Nol tail suggests that clathrin-mediated able to rescue the effect of filipin on sv/sv fibroblasts. Dynasore
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was able to block Tf internalization in both cell lines. Alto-
gether, these results clearly show that in sv/sv fibroblasts, trans-
ferrin internalization is caveola-dependent.

To further investigate whether a loss of myosin VI induces
caveola-mediated endocytosis of transferrin receptor, the effect
of a reduction in caveolin-1 on transferrin internalization in
mock HeLa cells or knockdown cells lacking MVI or MVI/
caveolin-1 was investigated. To carry out this experiment, HeLa
cells in the different conditions described above were loaded
with anti-TfR antibody for 5 min and fixed for immunogold
labeling on cryosections. EM morphometric analysis was per-
formed by counting the amount of receptors still at the plasma
membrane or already internalized inside the cell. The amounts
of TfR internalized in cells lacking MVI and caveolin-1 were
strongly delayed (Fig. 9B).

The same experiment was repeated using a biochemical
approach to confirm the morphometric data. HeLa cells,
mock-treated or treated with siRNAs to knock down both
myosin VI and caveolin-1 and to double knock down myosin
VIand caveolin-1, were loaded with Tf-HRP in a time course
uptake. The amount of Tf-HRP internalized (detected as
HRP enzyme activity) in myosin VI or caveolin-1 siRNA KD
cells at all time points is comparable with the uptake in mock
cells, whereas the uptake appears to be severely compro-
mised in double caveolin-1/myosin VI KD cells (Fig. 9E).
These results demonstrate that caveola-mediated endocyto-
sis is the endocytic pathway used for transferrin receptor
uptake in cells lacking myosin VI.

Finally, HRP uptake was analyzed in HeLa cells mock-
transfected or treated with siRNAs to knock down myosin VI
or caveolin-1 or myosin VI/caveolin-1 to determine whether
under these conditions fluid phase pinocytosis was affected. In
all four of these different HeLa cells, HRP uptake occurred with
equal efficiency, supporting the results that caveola-dependent
endocytosis is the main pathway up-regulated when myosin VI is
absent (Fig. 9F). In conclusion, these results show that in mouse
fibroblasts and HeLa cells in the absence of myosin VI,
clathrin-mediated endocytosis is impaired, and instead the
caveola-dependent endocytic pathway is used for internaliza-
tion of the transferrin receptor.

When Myosin VI Is Absent, Clathrin Adaptor Protein AP-2
Follows the Transferrin Receptor to Caveolae—A number of
published papers have shown that loss of AP-2 induces a com-
plete block in TR uptake (44, 45); thus the transferrin receptor
needs AP-2 to be internalized normally. From the results
described above, loss of the myosin VI Nol isoform induces a

Role of MVI Nol Isoform in Endocytosis of TfR

block in clathrin-mediated endocytosis without a block in
transferrin receptor endocytosis. The only explanation can be
that loss of myosin VI also induces a relocalization of clathrin
adaptor protein AP-2 to caveolae following and allowing recep-
tor internalization.

To address this important point, the following experi-
ments were performed. wt/wt and sv/sv fibroblasts were
fixed, labeled with antibodies to anti-caveolin-1 and anti-
AP-2, and analyzed by TIRF microscope; they showed an
increase of co-localization between caveolin-1 and AP-2 in
sv/sv fibroblasts (Fig. 104). The same experiment was per-
formed by immuno-EM, and similar results were observed
(Fig. 10B). EM morphometric analysis shows that there is a
relocalization of AP-2 in caveolae in Snell’s waltzer fibro-
blasts compared with the wild type. Moreover AP-2 relocal-
ized back into clathrin-coated structures when myosin VI
Nol isoform expression was restored (sv/sv + Nol) (Fig. 10,
Cand D).

These results clearly show that loss of myosin VI Nol iso-
form induces caveolar endocytosis of the transferrin recep-
tor and that clathrin adaptor protein AP-2 follows the recep-
tor in this alternative endocytic pathway. These results imply
that the percentage of co-localization of AP-2 and TfR in
sv/svand wt/wt fibroblasts must remain quite similar in both
conditions. To verify this hypothesis, sv/sv and wt/wt fibro-
blasts were loaded with Tf-Alexa-555 and labeled with anti-
AP-2 antibody. Software analysis of TIRF microscopy images
showed a similar percentage of co-localization between sv/sv
and wt/wt. These results show not only that lack of myosin
VI induces a relocalization of the transferrin receptor from
clathrin to caveolae but also that clathrin adaptor protein
AP-2, necessary for internalization of the receptor, follows
the receptor to caveolae.

DISCUSSION

In this study the endocytic uptake route of the TfR was exam-
ined in cells missing or expressing mutant forms of myosin VI
Nol isoform. It was observed that in these cells without a func-
tional myosin VI, fewer clathrin-coated vesicles were released
from the plasma membrane. Using electron microscopy it was
demonstrated that the TfR was no longer present in clathrin-
coated structures at the plasma membrane, but a dramatic relo-
calization into caveolae was shown.

The cells that were examined in the present study did not
express the large insert isoform. This isoform is in some
cases correlated with clathrin-mediated endocytosis (9, 12),

FIGURE 7. Depletion of myosin VI in HeLa cells using siRNA knockdown relocates the TfR from CCS to caveolae. Hela cells were either mock-transfected
or transfected twice with siRNAs specific to myosin VI or to myosin VI and caveolin-1. A, mock-treated Hela cells and KD cells were loaded with mouse anti-TfR
antibody at 37 °C before fixation and processing for immuno-EM. Ultrathin cryosections were double labeled with anti-caveolin-1 and rabbit anti-mouse
antibodies to visualize TfR. Representative electron micrographs show the localization of the TfR in CCS in control cells and co-localization with
caveolin-1 in myosin VI KD cells. Bars: a, 250 nm; b, 200 nm; ¢, 200 nm. B, to quantify this observation a morphometric analysis was carried out to
determine the numbers of TfR-labeled and unlabeled organelles in 1000 wm of cell profiles of mock-treated and myosin VI KD cells. The relative amounts
of TfR in CCS or caveolae in two independent experiments *+ S.D. are shown. C, the amount of myosin VI in the cells is shown in the Western blot with
calregulin asaloading control. D, the histogram shows the relative amounts of TfR in caveolae and CCS in mock and siRNA MVI KD cells. £, HeLa cells were
transfected with SureSilencing™ myosin VI small hairpin RNA plasmids (SuperArray-Bioscience Corp.) carrying the puromycin resistance gene. The
puromycin resistance Hela cell population was subcloned, and four clones expressing no significant level of myosin VI were selected. The four clones
and the negative control were fixed under steady state conditions using the same labeling protocol with ruthenium red/glutaraldehyde described
previously for mouse fibroblasts. All four HelLa clones that down-regulate myosin VI show a 5-6-fold reduction in clathrin-coated vesicle (CCV)
internalization compared with the negative control. CCP, clathrin-coated pits.
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FIGURE 8. Overexpression of the dominant negative myosin VI Nol tail
leads to defective clathrin-coated vesicles with relocalization of TfR
to the caveolae. A, Hela cells expressing GFP-tagged myosin VI Nol tail
and control cells were processed for immuno-EM. The picture shows a
representative field of Hela cells expressing GFP-tagged myosin VI Nol
tail. Ultrathin cryosections labeled with GFP antibodies show localization
of GFP-myosin VI Nol tail in CCS at the plasma membrane. Bar, 200 nm.
B, the size of CCS (diameter) and the transferrin receptor loading was
measured in 70 cell profiles of control (CTR) and myosin VI Nol tail-express-
ing cells. G, cryosections of control and myosin VI Nol tail-expressing cells
were double labeled with anti-caveolin-1 (cav1) and anti-TfR antibodies.
Representative electron micrographs highlight localization of the TfR in caveo-
lae in myosin VI Nol tail-expressing cells. Bar, 200 nm. D, morphometric quantita-
tion was performed on cryosections of control and myosin VI Nol tail-expressing
cells labeled with antibodies against caveolin-1 and TfR. E, the histograms repre-
sent the relative amount of Tf receptor localized on clathrin-coated structures
versus caveolae.

whereas in some other cases it is shown not to have major or
minor co-localization with clathrin adaptor AP-2 (16).
Moreover the binding sequences with Dab2 and PIP,, neces-
sary for clathrin-coated structure binding, are conserved in
all myosin VIisoforms (12). In the present study the defect in
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endocytosis observed in the absence of myosin VI was res-
cued by re-expressing the Nol isoform, which shows defini-
tively that this isoform is correlated with clathrin-mediated
endocytosis. These EM studies show in cells that lack or
express a defective myosin VI Nol isoform that there is a
strong co-localization between the TfR and caveolin-1, sug-
gesting that the caveolin-dependent uptake route is mobi-
lized. Indeed, in sv/sv and myosin VI C442Y fibroblasts, there
was an increase in the number of caveolae in the electron
micrographs (Figs. 5B, 6C, and 8D), and an overexpression of
caveolin-1 by Western blotting was observed (Fig. 5C).

Live cell microscopy has shown that caveolae are stable
structures at the plasma membrane with a slow rate of turnover.
However, mobility and turnover can be increased by using oka-
daic acid (a phosphatase inhibitor) or through the addition of
glycosphingolipids and cholesterol (46—49). In this study it
would appear that the caveola-dependent endocytic pathway is
able to internalize plasma membrane receptors such as TfR
with a speed and efficiency comparable with that of clathrin-
mediated endocytosis (Figs. 44 and 9, C and E).

The mobilization of alternative endocytic pathways to in-
crease bulk endocytosis has been reported in cells expressing
a temperature-sensitive mutant of dynamin that inhibits
clathrin and caveola-dependent endocytosis (32, 34, 50), and
in caveolin-1 null mouse cell lines, caveolin-independent
endocytic pathways are up-regulated (51, 52). Indeed, the
flexibility of cell surface receptors to be endocytosed by more
then one mechanism underlines the cross-talk and interplay
between different endocytic pathways. For example, GLUT4
is mostly endocytosed by a clathrin-independent pathway
in unstimulated adipocytes, but in the presence of insulin
this receptor is endocytosed in a clathrin-dependent manner
(53). The EGFR has also been reported to take different
routes to enter the cell. Clathrin-mediated endocytosis is the
established uptake route for the EGFR; however, when cells
are stimulated with high concentrations of growth factor,
the receptor becomes ubiquitinated and is endocytosed
through a clathrin-independent pathway (4). Similarly, in
cells under decorin stimulation (5) or oxidative stress (6), the
EGER is endocytosed by a clathrin-independent pathway.
Interleukin 2 and its receptor can also be internalized by
an alternative rapid endocytic pathway when clathrin-de-
pendent endocytosis is inhibited (54, 55). Moreover the
small molecule iron transport inhibitor ferristatin promotes
transferrin receptor internalization by an alternative clath-
rin/dynamin-independent, cholesterol-dependent, endocyt-
ic pathway (8).

The ability of cell surface receptors to use more than one
endocytic pathway enables sv/sv fibroblasts to utilize an
alternative uptake route to compensate for the defect in
clathrin-mediated endocytosis. In sv/sv fibroblasts the TfR is
found in caveolae, which are an abundant feature at the
plasma membrane in fibroblasts, adipocytes, and endothelial
cells. However, unlike clathrin, caveolin is not expressed in
all cell types and tissues; for example, caveolae are not present
at the plasma membrane in the apical domains of Madin-Darby
canine kidney cells and Caco-2 cells (56). In the Snell’s waltzer
mouse defects in clathrin-mediated endocytosis of the cystic
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fibrosis transmembrane regulator at the apical domain of pendentinternalization pathway (57). Moreover, in this study it
enterocyte brush border cells have been reported (27). Interest-  also has been shown that clathrin adaptor AP-2 is recruited into
ingly, the apical domains of enterocyte brush border cells lack  caveolae following the transferrin receptor. It is known that
caveolae, which may compensate for the loss of the clathrin-de- ~ AP-2 needs a plasma membrane receptor and the lipid PIP, to
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bind membranes; the K, of binding
of AP-2 to PIP, and a receptor with
the sorting signal YXX¢, such as
transferrin receptor, is 500 uMm (20).
Caveolae are enriched in the lipid
PIP, (58, 59). Thus, caveolae repre-
sent the best candidate for internal-
izing transferrin receptor when the
clathrin-mediated endocytosis is
not available.

Why does AP-2 bind to the PIP,
in caveolae and not in clathrin-
coated structures when myosin VI is
lost? It is known that myosin VI
binds with high efficiency PIP, (12),
so the role of the myosin VI Nol
isoform could be to bind and
recruit PIP, inside the dedicated
“hot spots” on the plasma mem-
brane for clathrin-coated nucle-
ation and internalization (60, 61).

A cav-1 alexa-488
AP-2alexa-568

cav-1 alexa-488
AP-2 alexa-568

cav-1 10nm
AP-2 15nm

B cav-1 10nm
AP-2 15nm

- wi/wt a svisv

b c Without myosin VI, it is possible
that the clathrin-coated structures
C Number of organelles in 1000 um of cell profile 9 would be relatively poor in PIP, and
CCS profiles Caveolae profiles & — thus unable to recruit e.nough AP'.Z
labelled _unlabelled labelled _unlabelled & mces for a normal endocytosis. Under this
wt/wt 7.4+0 3.7+0.2 00 18.7+6.1 § 100 O cav condition, AP-2 and the receptor are
sv/sv 41:0.3 3.7:0.3  2.1:03 24.1=0.1 § oh recruited to another endocytic struc-
sv/sv 7.7+0.3  3.3:0.1 0.08:0.08 14.5:0.7 2 ture enriched in PIP,, namely caveo-
+MVINol Y lae. Further investigations will be nec-

§ 40 essary to prove this model.
E % of colocalisation AP-2-Tf 3 The data presented in this article
wt/wt 416 +1.05 § = show a severe but not a complete
svisv 43.03 = 0.6 g . P —pe block in clathrin-mediated endocyto-

sis. Why are some clathrin-coated
vesicles still able to leave the plasma
membrane? Probably in some hot

FIGURE 10. The clathrin adaptor protein, AP-2, relocalizes into caveolae when myosin Vl is lost. A, wt/wt
and sv/sv fibroblasts were fixed under steady state condition and labeled with anti-caveolin-1 anti-AP-2 anti-
bodies. The samples were observed by TIRF microscopy. The figure shows different fields of the wt/wt (a-c)

and sv/sv (d and e) labeled samples. In sv/svimages, AP-2 co-localizes with caveolin-1 (arrows), whereas in the
wt/wt images they are completely independent. B, similar experiment was performed by immuno-EM. Cryo-
sections of wt/wt (a) and sv/sv (b and ¢) fibroblasts were double labeled with anti-caveolin-1 (cav-1) and
anti-AP-2 antibodies. Using this different technique a relocalization of the clathrin adaptor protein AP-2 in
caveolae was also observed. Bars: a, 300 nm; b, 200 nm; ¢, 300 nm. C, to quantify this observation a morpho-
metric analysis was carried out on AP-2 labeling in CCS or caveolae organelles in 1000 um of cell profiles of
wt/wt and sv/sv fibroblasts. AP-2 localization on clathrin-coated structures was restored when the myosin VI
Nol isoform was re-expressed in sv/sv fibroblasts. D, the relative amounts of AP-2 in CCS or caveolae in two
independent experiments = S.D. are shown. E, wt/wt and sv/sv fibroblasts were loaded with Tf-Alexa-555 and

spots the amount of PIP, is enough to
assemble an almost “normal” clath-
rin-coated structure. These clath-
rin-coated vesicles that leave the
plasma membrane are probably not
fully loaded with PIP,-AP-2-recep-

tor but still are able to leave the
plasma membrane. In HeLa cell sta-
bly transfected with the dominant
negative myosin VI Nol tail, a reduc-

labeled with anti-AP-2 antibody. 500 fields of each sample were scanned by TIRF microscope and analyzed by
Volocity software. The percentage of co-localization between AP-2 and transferrin does not change between
wt/wt and sv/sv fibroblasts, revealing that the clathrin adaptor follows the transferrin receptor whether it is
internalized by clathrin or caveolae.

FIGURE 9. The transferrin receptor is internalized by caveolae when myosin Vlis lost. A, sv/svand wt/wt cells were serum-starved and incubated with filipin
(1.2 ng/ml), cholesterol/filipin (1 mm and 1.2 pwg/ml), C8-LacCer (10 wm), and Dynasore (120 mm), and the Tf-HRP uptake protocol described under “Experi-
mental Procedures” was performed. CTR, control. B, HeLa cells were transfected twice with siRNA specific to myosin VI or myosin VI and caveolin-1 (cav-1). The
amount of myosin VI or myosin VI and caveolin-1 in the cells is shown in the Western blot with calnexin as the loading control. C, these HeLa mock cells or cells
lacking myosin VI or myosin Vl and caveolin-1 were loaded with anti-TfR antibody for 5 min and fixed forimmunogold labeling on cryosections. Morphometric
analysis was performed by counting the amount of receptors still at the plasma membrane (PM) or already internalized inside the cell. TIR, total internal
reflections. D, HelLa cells were transfected twice with siRNA specific to myosin VI, caveolin-1, or myosin VI and caveolin-1. The amounts of myosin VI and
caveolin-1in the mock and knockdown cells are shown on a Western blot, and calregulin is used as the loading control. £, HelLa cells analyzed in D were loaded
with Tf-HRP in the continuous uptake assay for different times (min). The enzyme activity of Tf-HRP internalized at the different time points and in the different
mock and knockdown cells was measured. The graph shows the amount of Tf-HRP internalized in mock, caveolin-1, myosin VI, and myosin VI/caveolin-1 siRNA
KD cells expressed as a percentage of the plasma membrane amount of transferrin. F, HeLa cells analyzed in D were loaded with the fluid phase marker HRP.
The graph shows the enzyme activity at different time points in the different mock and knockdown cells.
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tion in the size and loading of clathrin-coated vesicles was
observed.

It is also possible that another, thus far unidentified motor
protein may be able to partially compensate for the absence of
myosin VI and lead to low levels of clathrin-mediated endocy-
tosis. An obvious conclusion to be drawn from these results is
that because endocytosis is an absolutely essential cell function,
it is likely that there is a significant level of redundancy in both
humans and mice so that other endocytic pathways are able to
compensate, at least partially, for a defect in the clathrin-medi-
ated endocytic pathway.
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