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The cytoskeleton is required for multiple cellular events
including endocytosis and the transfer of cargo within
the endocytic system. Polarized epithelial cells are capa-
ble of endocytosis at either of their distinct apical or
basolateral plasma membrane domains. Actin plays a
role in internalization at both cell surfaces. Microtubules
and actin are required for efficient transcytosis and deliv-
ery of proteins to late endosomes and lysosomes. Micro-
tubules are also important in apical recycling pathways
and, in some polarized cell types, basolateral recycling
requires actin. The microtubule motor proteins dynein
and kinesin and the class | unconventional myosin mo-
tors play a role in many of these trafficking steps. This
review examines the endocytic pathways of polarized
epithelial cells and focuses on the emerging roles of the
actin cytoskeleton in these processes.
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The cytoskeleton is vital to the function of all eukaryotic cells
and is required for mitosis, cytokinesis, cell motility, muscle
contraction, maintenance of cell shape, endocytosis, and
secretion (1-3). Epithelial cells, which have distinct apical
and basolateral plasma membrane domains, exploit cy-
toskeletal elements to ensure efficient targeting of newly
synthesized proteins from the trans-Golgi network to the
appropriate cell surface domain (4). The cytoskeleton also
plays a role in endocytosis, exit of cargo from early and late
endosomes, and the transport, via transcytosis, of endocy-
tosed proteins from one plasma membrane domain to the
opposite (5). In addition to its function in protein targeting,
the cytoskeleton is also important in protein sorting and can
stabilize newly synthesized proteins at one plasma mem-
brane domain or the other (1). The goal of this review is to
examine the role of the cytoskeleton in the endocytic traffic
of polarized epithelial cells. When appropriate, examples
from non-epithelial cells will be discussed. While the function

of the microtubule cytoskeleton in these endocytic pro-
cesses is well established, it is becoming increasingly clear
that the actin cytoskeleton also plays a part. As such, much
of this review will focus on the dependence of endocytosis
on the actin cytoskeleton.

Endocytic Pathways in Epithelial Cells

Endocytosis is a diverse set of processes used by the cell to
internalize specialized regions of the plasma membrane as
well as small amounts of extracellular fluid (5). The best-un-
derstood form of endocytosis occurs at clathrin-coated pits
and involves clathrin, AP-2 adaptor complexes, and the dy-
namin GTPase (5,6). Other types of endocytosis include that
mediated by caveolae (7), small flask-shaped vesicles rich in
cholesterol and signaling molecules, and so called clathrin-in-
dependent pathways that involve neither clathrin-coated pits
nor caveolae (8). Finally, some cell types are capable of
internalizing large amounts of fluid via macropinocytosis or
large particulates by phagocytosis (5). In simple non-polarized
cells, internalized membrane proteins and fluid are first deliv-
ered to Rab5 GTPase-positive and early endosome antigen 1
(EEA1)-positive early ‘sorting’ endosomes. EEAT is a Rabb
effector protein involved in endosome—endosome tethering
and fusion (9). While the vacuolar portion of the early endo-
some and associated fluid is thought to be delivered to (or
mature into) late endosomes and ultimately lysosomes, the
membrane-rich tubular portions of the early endosome de-
liver cargo to the pericentriolar recycling endosome where
membranous proteins are recycled back to the cell surface
(5). Other pathways connect recycling endosomes and late
endosomes to the trans-Golgi network (10).

Polarized epithelial cells have added complexity because they
can internalize macromolecules from either of their apical or
basolateral plasma membrane domains (11). In Madin—Darby
canine kidney (MDCK) cells, a model system used by many
investigators to analyze membrane/protein traffic in polarized
epithelial cells, endocytosis occurs by both clathrin-depen-
dent and -independent mechanisms (12). The postendocytic
fate (i.e., the trafficking steps that occur after internalization)
of endocytosed markers varies. When fluid-phase markers
are internalized from the apical or basolateral poles of these
cells, they enter distinct populations of Rab5/EEA1-positive
apical early endosomes (AEE; step 1A in Figure 1) or basolat-
eral early endosomes (BEE; step 1B) (13,14). Endotubin, an
apical endosomal marker, is associated with the AEE (15), as
is the cytoplasmic adaptor molecule syntenin (16). While the
majority of apically internalized fluid is thought to recycle
(step 3A) or transcytose (step 4), some is delivered to a
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shared population of late endosomes (step 2A) and lyso-
somes (step 5) that receives the majority of basolaterally
internalized fluid (step 2B) (11). Transferrin (Tf) and its re-
ceptor have a different fate. Following endocytosis and de-
livery to BEE (step 1B), the Tf/receptor complex is directed
to a tubular supranuclear common recycling endosome (CE)
that also receives apically internalized membrane markers
(step 3C) (17). The Rab17 GTPase may be associated in
part with this compartment (18). It is within the tubular
evaginations of the CE that Tf/receptor complexes are
packaged in 60-nm vesicles and recycled back to the baso-
lateral cell surface (step 7B) (17). Some Tf/receptor com-
plexes may recycle directly from the BEE (step 6B) (19). A
fraction of the Tf/receptor complexes may be delivered
from the CE to the AEE (step 7C) (14,20), from where they
may recycle back to the basolateral pole of the cell (step
4).

IgA, a ligand for the polymeric immunoglobulin receptor
(plgR), is also internalized from the basolateral pole of the
cell. Unlike Tf, endocytosed IgA is delivered to the apical
surface of the cell by transcytosis where it is released into
the apical secretions. Once internalized, plgR-IgA com-
plexes are delivered to BEE (step 1B) and then the CE
(step 6A) (21,22). IgA-plgR complexes, sorted from Tf, are
subsequently delivered to the rab11-, rab 25-, and rab17-
positive elements of the apical recycling endosome (ARE;
step 7A) (14,21,23-25). Exit of IgA-plgR from the ARE may
be via C-shaped vesicles (step 8) (26). At the surface, a
proteinase cleaves the plgR, releasing it and bound IgA
ligand into secretions. However, some plgR-IgA complexes
escape cleavage and are efficiently internalized and recycle
at the apical plasma membrane (27). Apically internalized
plgR-IgA are delivered to the AEE (step 1A), they are
sorted from internalized fluid, and then are subsequently
delivered to the rab11-positive ARE (step 3B) (14) or to the
Tf-rich CE (step 3C) (28), from which recycling occurs. The
pathway taken by proteins transcytosing in the apical to
basolateral direction is not well understood, but is likely to
involve initial passage through the AEE. Readers interested
in postendocytic traffic in other epithelial cell types are re-
ferred to a review by Van |Jzendoorn et al. (29), and those
interested in regulation of endocytic traffic are directed to a
review by Mostov et al. (30).

Requirements for the Microtubule
Cytoskeleton in Endocytic Traffic of Polarized
Epithelial Cells

Microtubules are long filamentous elements that are impor-
tant in organellar localization, as well as transport of cargo
between organelles. Movement along microtubules is rela-
tively rapid (~1 pm/s) and can occur over long distances.
Kinesins (generally involved in movement toward the fast-
growing plus-end of microtubules) and dynein (involved in
movement toward the slow-growing minus-end of micro-
tubules) are mechanochemical motor proteins required for
microtubule based motility (31,32).
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Although receptor-mediated endocytosis is not generally af-
fected by microtubule depolymerization (33), there are ex-
amples where treatment with microtubule depolymerizing
agents (e.g., nocodazole) slows adsorptive and fluid-phase
endocytosis (34-36). Transport from early endosomes to
late endosomes (steps 2A and 2B) is blocked in nocoda-
zole-treated baby hamster kidney cells (37), and as a result,
degradation is impaired in these cells. In polarized MDCK
cells, this block is thought to reflect microtubule-, kinesin-,
and dynein-dependent transport of cargo between AEE,
BEE, and late endosomes (38). Although the kinetics of
recycling of Tf/receptor complexes are unaffected by mi-
crotubule disruption (our unpublished results and 39), trans-
port of these markers from BEE to CE (step 6A) is
apparently impaired (21). In this case, basolateral recycling
may occur directly from BEE (step 6B). Transport between
AEE and ARE requires microtubules (step 3B) (14), and
apical recycling is inhibited by approximately 20-30% in
nocodazole-treated cells (40). Apical to basolateral transcy-
tosis of IgG does not require microtubules (41), although
apical to basolateral transcytosis of human immunodefi-
ciency virus apparently does (42). Microtubules are also
crucial in the basolateral to apical transcytosis of several
proteins including the plgR (14,40,41). Transfer of cargo
between BEE and the more apical endocytic compartments
(i,e., CE/ARE; step 6A), a normally rapid and efficient pro-
cess, is significantly inhibited in nocodazole-treated cells
(21). The microtubule-based motor proteins involved in
these recycling and transcytosis pathways are presently un-
known.

Links Between the Actin Cytoskeleton and
Internalization

Actin filaments have also been implicated in the localization
of intracellular organelles and vesicular transport. In con-
trast to microtubules, actin filaments are generally shorter
and actin-based transport is significantly slower (~0.1 pm/
s). Myosin motors are responsible for these movements. In
addition to the well-characterized class Il myosin of muscle
and non-muscle cells, there exist at least thirteen additional
classes of myosins, known collectively as unconventional
myosins (43). Class |, class V, class VI, and class VIi
myosins have all been implicated in organellar movement
(44).

Actin has been linked to endocytosis in several polarized
tissue cell types, including endothelial cells (45,46), hepato-
cytes (47-49), MDCK cells (50,51), proximal tubule-derived
opossum kidney cells (35), cultured intestinal epithelial cells
(52), the intestinal Caco-2 and T84 cell lines (563-55), and
toad urinary bladder cells (56). The majority of these stud-
ies employed cytochalasins, a large family of actin-disrupt-
ing agents (>20 members) that are used widely to study
the role of actin filaments in different biological systems
(57). The cytochalasins cap the barbed or rapidly growing
ends of actin filaments, nucleate actin polymerization, and
shorten actin filaments (57).
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Apical endocytosis of the membrane markers vesicular stom-
atitis virus G-protein and cationized ferritin (which are inter-
nalized via clathrin-coated pits) and the fluid-phase marker
lucifer yellow (step 1A) is blocked when polarized MDCK
cells are treated with cytochalasin D (CD) (50). The mecha-
nism of fluid-phase internalization was not assessed in this
study. Relative to untreated control cells, CD-treated cells
exhibit a doubling in the number of coated pits at the apical
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surface (50). However, in these CD-treated cells, the ability
of the coated pits to pinch off is apparently impaired and the
vesicles are often connected to the plasma membrane by
long necks. Basolateral endocytosis of both Tf (which is
internalized via clathrin-coated pits) and lucifer yellow in
these MDCK cells is unaffected by CD treatment (50). Similar
results are observed in CD-treated Caco-2 cells; clathrin-de-
pendent endocytosis at the apical surface is impaired, in-

@ @

g

CE -
Rab17%7
\-—-‘ -
Late Endosome @ TR Tf
Rab7* _c_<
plgR lgA
o ® Muid

e
microlubuales
uctin

centriole

Figure 1: Model for endocytic traffic in polarized epithelial cells. Upon internalization, fluid and membrane are delivered to distinct
AEE (step 1A) or BEE (step 1B). Endocytosis at both surfaces requires actin. Apically internalized fluid can recycle (step 3A),
transcytose (step 4), or it can be delivered in a microtubule-dependent step to late endosomes (step 2A) and ultimately lysosomes
(step B). This latter step is actin-dependent. Basolaterally internalized fluid is primarily delivered to late endosomes (step 2B) and
lysosomes (step 5). Apical recycling proteins are delivered from the AEE to the ARE (step 3B) or the CE (step 3C) before their ultimate
release from the apical pole of the cell (step 8). Delivery between the AEE and ARE requires microtubules. The cytoskeletal
requirements, if any, for delivery from the AEE to CE are presently unknown. Basolateral recycling proteins (i.e., receptor-bound Tf)
as well as proteins transcytosing in the basolateral to apical direction (i.e., plgR-IgA) enter a shared BEE (step 1B). Although some
receptor-bound Tf may recycle directly from this compartment (step 6B), a significant fraction is delivered to the CE along with the
majority of the plgR-IgA (step 6A). This translocation step requires actin and microtubules. The majority of the receptor-bound Tf is
thought to recycle from the CE (step 7B); however, a fraction may be delivered to the AEE (step 7C) and may recycle from this
compartment (step 4). The transcytosing plgR-IgA complexes, as well as apical recycling plgR-IgA complexes, are delivered from the
CE to the ARE (step 7A) and are ultimately released at the apical pole of the cell (step 8). Actin may be required for efficient recycling
of receptor-bound Tf (step 6B and/or step 7B).
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creased numbers of clathrin-coated pits are observed, and
basolateral endocytosis is largely unaffected (53,54). Endocy-
tosis of horseradish peroxidase (HRP) from the apical surface
of cultured small-intestinal tissue (52), internalization of albu-
min at the apical pole of opossum kidney cells (35), and
endocytosis of apically-delivered water channels in toad blad-
der epithelial cells (56) are also impaired by CD treatment.

The differential effects of cytochalasin treatment on apical
and basolateral receptor-mediated endocytosis may indicate
that actin is only required for internalization at the apical pole
of the cell and that actin, therefore, is not an absolute
requirement for receptor-mediated internalization (also see
discussion below). There is recent evidence that endocytosis
at the basolateral pole of MDCK and T84 cells (step 1B) may
also involve actin. CD treatment stimulates endocytosis of
fluid at the basolateral pole of T84 cells (55). In MDCK cells,
treatment with jasplakinolide, which, like phalloidin, binds to
and stabilizes actin filaments, selectively stimulates basolat-
eral endocytosis of the fluid-phase markers FITC-dextran and
HRP; apical endocytosis of these markers is unaffected (51).
Jasplakinolide treatment did not appear to enhance receptor-
mediated endocytosis of Tf and thus presumably increases
clathrin-independent endocytosis. The reason for the differ-
ences between CD and jasplakinolide may reflect a differ-
ence in the pools of actin associated with the apical and
basolateral poles of the cells (58) and/or the differential
activity of these agents on these different actin pools.

In addition to the examples described above, actin is known
to be required for phagocytosis (5), internalization of caveolae
(7), and may also be important in the endocytosis of fluid and
membrane in other mammalian cell types, including A431
cells (59-62), Hep2 cells (47), and cultured B-lymphoblastoid
cells (63). Moreover, there is genetic evidence that actin and
actin-based motor proteins are required for endocytosis in
Dictyostelium (64) and Saccharomyces cerevisiae (65,66).
Nevertheless, it should be noted that perturbation of the
actin cytoskeleton does not affect endocytosis in all cell
types. In macrophages, fluid-phase endocytosis is not altered
by disruption of the actin cytoskeleton (34,67). In the specific
case of clathrin-dependent endocytosis of Tf, the sensitivity
of the process to CD and latrunculin A, which causes actin
disassembly by sequestering actin monomers, depends on
the cell type and whether the cells are grown on a solid
substrate or in suspension culture (59). The results of these
recent experiments indicate that actin does not have a com-
pulsory role in receptor-mediated endocytosis. Instead, actin-
regulated endocytosis may be important in specific cell
types, at specific plasma membrane domains, or under spe-
cific growth conditions.

Role of Actin in Receptor-Mediated
Endocytosis

The following section examines how actin may regulate

internalization. Although its role in receptor-mediated endocy-
tosis is emphasized, similar mechanisms are envisioned for
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other pathways of internalization. The models presented are
not mutually exclusive and it is likely that actin may play
multiple roles in this process. Also, the function of the actin
may vary in different cell types and at different plasma
membrane domains. Because the plasma membrane of all
cells is directly linked to an underlying submembranous actin-
rich cytoskeleton (i.e., the cell cortex), it is not surprising that
the actin cytoskeleton may regulate endocytic as well as
exocytic events. Some receptors are associated transiently
with the actin cytoskeleton (68). As a result, actin may
regulate the entry of these receptors into forming endocytic
vesicles (model 1, Figure 2).

Alternatively, actin may act as a molecular fence (model 2,
Figure 2). Many regulated secretory events are accompanied
by localized actin rearrangement or depolymerization that is
thought to allow vesicle access to the plasma membrane. In
fact, experimentally-induced actin disruption can stimulate
vesicle fusion with the plasma membrane (69,70). In a similar
fashion, endocytosis may require actin depolymerization or
rearrangement to remove barriers to forming endocytic vesi-
cles. There are data that indicate that the fence function of
actin may play some role in endocytosis. When the plasma
membrane of cells is examined by quick-freeze deep-etch
techniques, few of the actin filaments in the plane of the
membrane are observed in the immediate vicinity of clathrin-
coated pits (569). However, previous studies have observed
actin filaments that associate with clathrin-coated pits and
extend into the cytoplasm (63). There are a small number of
cell systems in which treatment with cytochalasins stimu-
lates fluid-phase endocytosis (55,62,71). It was not deter-
mined in these studies if fluid was internalized via
clathrin-dependent or -independent pathways. As described
above in MDCK and Caco-2 cells, the number of coated pits
at the apical surface of CD-treated cells is significantly in-
creased by a factor of two (50,53). At least in these cell
types, the ability to form coated pits at the apical plasma
membrane may be modulated by the amount of polymerized
actin associated with this domain. Although its mechanism
of action is unclear, the ARF6 GTPase regulates apical endo-
cytosis and apparently is capable of directing cortical actin
rearrangements (72,73). There are, however, several obser-
vations that argue against this model. First, in the majority of
cases, disruption of the actin cytoskeleton impairs, but does
not stimulate, endocytosis (35,45-56,60,61,63,65). Second,
stabilization of the actin cytoskeleton with jasplakinolide ap-
parently enhances fluid-phase endocytosis at the basolateral
pole of MDCK cells (51).

Actin and/or actin—myosin complexes may also play a role in
specifying the sites of clathrin-coat assembly or regulating
the invagination of the plasma membrane (model 3, Figure
2). Actin may act as a scaffolding which would be permissive
for the assembly of a plasma membrane-associated endo-
cytic machinery (74). An interesting link between receptor-
mediated endocytosis and the actin cytoskeleton is the
Huntingtin interacting protein 1-related (HIP1R), the mam-
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Figure 2: Models for role of the actin cytoskeleton in receptor-mediated endocytosis. (1) The actin cytoskeleton may constrain
the lateral mobility of receptors, thereby regulating their entry into coated pits. (2) Actin may act as a molecular fence that regulates
access to the plasma membrane. Presumably, localized actin depolymerization would be permissive for the formation of coated pits
and their subsequent internalization. (3) Actin may act as a scaffold for the assembly of the endocytic machinery or may be required
for efficient invagination of the plasma membrane. (4) Actin forms a scaffold that promotes the assembly of dynamin and associated
components at the neck of deeply invaginated coated pits. (5) Myosin motors, in conjunction with actin, form a contractile ring that
helps pinch off coated vesicles. This event may be regulated by the dynamin GTPase. (6) Myosin motor/actin complexes are required
for vesicle detachment and movement into the cytoplasm. (7) Actin polymerization on the coated vesicle promotes vesicle detachment
and movement by formation of a comet tail.
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malian homolog of yeast sla2p (75). This protein associates
with clathrin-coated pits and vesicles and binds F-actin via a
C-terminal talin-like domain. It is an excellent candidate to link
forming coated pits with the underlying actin scaffolding
(model 3, Figure 2). Additional examples of proteins that
associate with actin and endocytic vesicles are described in a
recent review by Qualmann et al. (76). Alternatively, the
formation of an endocytic vesicle requires that curvature be
introduced into the membrane. Regulated actin polymeriza-
tion at the sites of coated vesicle formation could play a role
in this process (model 3, Figure 2).

Actin could modulate scission of vesicles (model 4, Figure 2).
This would explain why CD treatment of MDCK cells results
in the accumulation of long pits that are apparently incapable
of pinching off and forming vesicles (50,53). Similarly, it
would explain why late steps in the formation of coated
vesicles are impaired by the addition of agents that se-
quester actin monomers (B4 thymosin and Dnase ) to an
assay that reconstitutes clathrin-dependent endocytosis in
perforated A431 cells (61). An important molecule involved in
scission is dynamin (6). This GTPase regulates formation of
vesicles derived from clathrin-coated pits as well as caveolae
(6). In the case of receptor-mediated endocytosis, dynamin is
thought to coordinate the assembly of numerous effector
molecules at the neck of forming coated pits, ultimately
leading to scission of the coated vesicle (6). Dynamin inter-
acts with several proteins that may link this molecule with
the actin cytoskeleton, including profilin (77) and syndapin
(78). Profilin is an actin monomer-binding protein that regu-
lates actin polymerization. Syndapin interacts with the neu-
ronal isoform of the Wiskott—Aldrich syndrome protein,
which regulates actin assembly (78).

In addition to actin and the actin-binding protein fimbrin,
receptor-mediated endocytosis in yeast requires the product
of the MYOS5 gene (66). Myobp is a class | myosin motor. At
present it remains to be established whether myosin motors
play a role in endocytosis in mammalian cells. An intriguing
class of myosins found in mammalian cells is the type VI
subfamily (44). This class of myosin is associated with the
Golgi and is found at the cell periphery (79). Type VI myosins
are the only class of myosins that move toward the pointed
end of actin filaments (80). Because the majority of actin
filaments associated with coated pits and plasma membrane
are oriented with their pointed ends directed towards the
cytoplasm (63), type VI myosins could play a role in endocytic
events. Although the function of myosin motors in endocyto-
sis is speculative, they may be involved in membrane invagi-
nation (model 3, Figure 2) or dynamin-coordinated vesicle
scission (model 5, Figure 2). The latter possibility would
involve the formation of an actin ring, similar to that observed
during cytokinesis, that would assist in the formation of the
vesicle (81). Alternatively, myosin motors could be important
in the detachment of vesicles from the plasma membrane
and centripetal movement towards the cell’s interior (model
6, Figure 2). In polarized epithelial cells, movement from the
apical plasma membrane towards the cell interior requires
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passage through the terminal web. Likewise, movement of
vesicles away from the basal plasma membrane requires
transit through the actin-rich layer of stress fibers present at
the base of the cell. Both of these events may therefore
require actin-based motility.

An alternative process that could direct endocytic vesicle
movement through actin barriers involves the formation of a
comet-like tail (so called ‘rocket-based’ motility; model 7,
Figure 2). In cultured mast cells, newly-forming endocytic
vesicles are propelled into the cytoplasm at the tips of actin
comet tails (82), similar to those that propel Listeria bacteria
in infected host cells. Actin tails also associate with endo-
somes and lysosomes in an in vitro system that reconstitutes
actin assembly in Xenopus oocyte extracts (83). These later
events require recruitment of neuronal Wiskott—Aldrich syn-
drome protein, and indicate that postendocytic trafficking
events may also require associations between endosomes
and the actin cytoskeleton.

Actin and its Function in Postendocytic Traffic

While a significant amount of research has focused on the
early events in the endocytic process, less is understood
about the role of the actin cytoskeleton in postendocytic
trafficking events. CD treatment impairs the kinetics of ligand
degradation in several systems (47,49,84). This is likely a
defect in the transfer of cargo between late endosomes and
lysosomes (step 5), as this process apparently requires actin
and is altered in CD-treated Hep-2 cells (84). In MDCK cells,
recycling pathways are generally unaltered by CD treatment;
the kinetics of Tf recycling are unaffected and apical IgA
recycling is only slightly slowed (85). Nonetheless, in Caco-2
cells Tf recycling is slowed in cells treated with the actin-
monomer-binding toxin latrunculin A (steps 6B and 7B) (86).
This discrepency may reflect the different cell types used or
the different mechanisms by which these two toxins disrupt
the actin cytoskeleton.

Basolateral to apical transcytosis is significantly slowed in
CD-treated MDCK cells (85). Like nocodazole (which inhibits
transcytosis by ~60%), CD works early in the transcytotic
pathway, inhibits transit between the BEE and the more
apical endosomal compartments (step 6A), and slows trans-
cytosis by ~45% (85). Tf movement between the BEE and
CE is also impaired, but like nocodazole, CD treatment does
not affect the kinetics of Tf recycling. When examined
closely, filamentous actin is associated with endosomes be-
low the level of the stress fibers (87). Likewise, actin and
other actin-binding proteins are also associated with several
endocytic compartments purified from rat liver (88). Perhaps
this actin is important in facilitating the movement of these
endosomes through the actin cortex. Order-of-addition exper-
iments indicate that the CD-sensitive step precedes the
nocodazole-sensitive step, and treatment with both CD and
nodocazole inhibits transcytosis >95% (85). Apparently,
postendocytic traffic of plgR-IgA complexes requires both an
intact actin filament and microtubule cytoskeleton and
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demonstrates that transcytosis, like other trafficking pro-
cesses (47), is likely to require coordinated movement be-
tween both actin and microtubule cytoskeletons. Biosythetic
transport of vesicles is also likely to require sequential trans-
port between microtubule and actin cytoskeletons (89).

As described above, transport between endosomes and lyso-
somes, and BEE and the CE/ARE, are examples of trafficking
steps that are significantly disrupted in CD-treated cells.
Moreover, Tf recycling is impaired in latrunculin A-treated
Caco-2 cells (86). In each case, there is evidence that class |
myosin motors may play a role in these processes. Myosin la
(Mle; also known as myr1) is member of a subclass of
myosin | motors that include brush-border myosin | (BBMI).
Structurally these proteins are comprised of a large head
domain (which has sites for both ATP and actin binding) and
a smaller tail domain with both calmodulin-binding motifs and
a positively-charged region that allows for binding to anionic
lipids. Mlo is associated with both endosomes and lyso-
somes (90). A truncated BBMI construct, which lacks the
ATP-binding site, acts in a dominant negative fashion and
promotes dissociation of endogenous Mla from endosomes
and impairs the delivery of HRP to lysosomes, implicating
class | myosins in this process (90).

New data indicate myr4 may be required for movement of
cargo between early endosomes and the CE (20). Myr4, also
a member of the class | myosins, is found on Tf-rich CE in
MDCK cells. Anti-Myr4 antibodies inhibit an assay that recon-
stitutes fusion between AEE or BEE with Tf-labeled CE (20).
Moreover the fusion assay is inhibited by treatments that
prevent actin polymerization or induce depolymerization of
existing filaments. Finally, two experiments point to a role for
myosin motors in regulating Tf recycling. Overexpression of
Milo or truncated versions of Mla that lack either the ATP-
binding site or the entire motor domain result in the disper-
sion of Tf-containing compartments in the BWTG3 hepatoma
cell line (91). In MDCK cells, expression of a truncated
mutant of BBMI lacking the entire motor domain results in
decreased recycling of Tf coupled with a large increase
(> 3-fold) in apical release of this ligand (86).

As in the case of endocytosis, several models have been
proposed to explain the function of the actin cytoskeleton
and myosin motor proteins in these postendocytic pro-
cesses. Myosin motors are likely to be involved in move-
ments of endosomal compartments. In the case of basal
endosomes, they could control movement along or across
stress fibers (model 1A, Figure 3) (87). These movements
would propel the endosomes towards the long parallel bun-
dles of lateral microtubules that could allow for transport
towards the apical pole of the cell (model 1B, Figure 3).
These lateral bundles of microtubules are oriented with their
plus-ends directed toward the base of the cell (92). As such,
the minus-end-directed motor dynein is likely to be important
in this microtubule-based transport. Alternatively, a new fam-
ily of kinesin motors has been described that moves in the
minus-end direction (32).
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Myosin motors may be important in vesiculation or the for-
mation of tubular processes associated with endosomal ele-
ments (81). By forming a contractile ring (model 2, Figure 3),
myosin motors in conjunction with actin could pinch off
vesicles (81). Alternatively, tension generated by myosin mo-
tors on endosomal membranes could be important in the
generation of tubules (model 3, Figure 3) (81). There are little
data in this regard. Myosin-based motility could promote
fusion by bringing endocytic compartments in close proxim-
ity (model 4, Figure 3) (84). This requirement would explain
why transport between endosomes and lysosomes is
blocked in CD-treated cells or cells expressing dominant
negative mutants of type | myosins. As described above,
expression of dominant negative myosin | constructs alters
the distribution of endocytic compartments (86,91). By teth-
ering organelles to the underlying actin cytoskeleton (model
5, Figure 3), myosin motors may be important in specifying
the localization of intracellular compartments. In
melanocytes, this mechanism is invoked to explain the
myosin V-dependent capture of melanosomes at the periph-
ery of dendritic processes (93). Finally, myosin motors may
play a role in the delivery of endocytic vesicles through the
terminal web, en route to the plasma membrane (model 6,
Figure 3). Such a model has been proposed for apically
targeted vesicles containing newly synthesized cargo (94).

Rho Family GTPases in Polarized Endocytic
Traffic

Finally, a few words on actin and the Rho family of GTPases
(95,96). Members of this family include Cdc42 (Cdc42Hs and
G25K isoforms), TC-10, Rac (1, 2, and 3 isoforms), Rho (A, B,
and C isoforms), RhoD, RhoE, and RhoG. The best studied
members are RhoA, Rac1, and Cdc42. Initially, it was ob-
served that each of these Rho family members regulated the
formation of a distinct set of actin-rich structures (95): RhoA
was important in the formation of stress fibers, Rac1 modu-
lated lamellipodia formation, and Cdc42 promoted the forma-
tion of filopodia. In addition to the cytoskeleton, it is now
known that these GTPases modulate multiple cellular events,
including endocytosis (97). In non-polarized cells, receptor-
mediated endocytosis is inhibited by constitutively active
mutants of RhoA and Rac1, although these effects may be
independent of actin assembly (98).

In polarized MDCK cells, expression of a constitutively active
mutant of RhoA stimulates both apical and basolateral endo-
cytosis, while a dominant negative mutant of RhoA impairs
endocytosis at both cell surfaces (87). Mutants of Rac1 have
the opposite effect on endocytosis; dominant negative Rac1
stimulates apical and basolateral endocytosis, while domi-
nant active Rac1 inhibits the process (99). Cdc42 mutants
also impair endocytosis in MDCK cells (R. Rojas and G.
Apodaca, unpublished observations). These GTPases also
have effects on postendocytic traffic. Dominant active RhoA
impairs the exit of cargo from BEE (87), while dominant
active Rac1 affects the exit of traffic out of the CE and/or
ARE (99). Mutants of Cdc42 impair basolateral recycling of Tf
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(100). While the downstream effector proteins that regulate
these endocytic trafficking events are unknown, by altering
the actin cytoskeleton they could have multiple effects on
endocytic traffic in polarized epithelial cells.

Future Outlook

Evidence is mounting that, in addition to microtubules, the
actin cytoskeleton plays a diversity of roles in endocytosis
and endocytic traffic. Several questions remain to be an-
swered. Do the effects of actin and microtubule depolymer-
izing/stabilizing agents reflect alterations in molecular
motor/vesicle/cytoskeleton association? This is often the
case as molecular motors have been implicated in many of
the systems perturbed by agents such as nocodazole and
CD. Which molecular motors are associated with each trans-
port step? For example, in yeast and lower metazoans un-
conventional myosin motors are important in endocytosis
(64-66); however, it is not yet known if they play a role in
internalization in mammalian cells. What is the relationship
between microtubule- and actin-based motility? Endosomes
apparently can associate with both actin- and microtubule-
based motor proteins. How transport between these two
cytoskeletal elements is regulated is still unclear. What is
the role of newly described proteins that link the cytoskele-
ton to endocytic pits and endosomes? Proteins such as
HIP1R are found in coated pits and endosomes and bind
actin (75), and yet their function remains elusive. Finally,
how do the Rho family of GTPases regulate these pro-
cesses? While these proteins can modulate the actin cy-
toskeleton, they also activate multiple downstream effector
pathways that may act independently of the actin cytoskele-
ton. Many of these questions will be answered in geneti-
cally tractible organisms and through identification and
characterization of new and old motor proteins, as well as
approaches that take advantage of dominant negative
protein contructs. Finally, advances in live-cell imaging, cou-
pled with chimeric proteins containing the green fluorescent
protein (or its derivatives) allow one to examine the relation-
ship between endocytosis and the cytoskeleton in real time.
Such approaches are already leading to a heightened under-
standing of these processes (74,82).
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