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Summary

Spatially separated apical and basolateral plasma
membrane domains that have distinct functions and
molecular compositions are a characteristic feature of
epithelial cell polarity. The subapical compartment (SAC),
also known as the common endosome (CE), where
endocytic pathways from both surfaces merge, plays a
crucial role in the maintenance and probably the biogenesis
of these distinct membrane domains. Although differences

sorting machinery, as occurs upon actin depolymerization,
leads to mis-sorting of apical and basolateral molecules,
thereby compromising the development of polarity. The
structural and functional integrity of the compartment in
part depends on microtubules. Moreover, the acquisition of
a particular set of Rab proteins, including Rabll and
Rab3, appears to be crucial in regulating molecular sorting
and vesicular transport relevant both to recycling to either

plasma membrane domain and to de novo assembly of the
apical domain. Furthermore, subcompartmentalization of
the SAC appears to be key to its various functions.

in morphology are apparent, the same principal features of
a SAC can be distinguished in different types of epithelial
cells. As polarity develops, the compartment acquires
several distinct machineries that, in conjunction with the
cytoskeleton, are necessary for polarized trafficking.
Disrupting trafficking via the SAC and hence bypassing its
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Introduction junctions, rearrange the cytoskeletal architecture, and activate

Polarity is a ubiquitous feature of the biology of eukaryoticsOrting mechanisms to generate the so-called apical and
cells and entails the establishment and maintenance of spatR@solateral plasma membrane domains (Knust, 2002; Mostov
and functional asymmetry, triggered by cues from the extern&t al., 2003; Nelson, 2003). Tight junctions separate these
and intracellular environments. For example, cell movement ilémbrane domains, preventing mixing of membrane proteins
response to chemoattractants causes asymmetric sheied (outer leaflet) lipids between them. Complex signaling and
changes, generating a leading edge that protrudes at the fré@rting machineries regulate transport to and from either
of the cell and a rear edge that retracts (Lauffenburger arftbmain. In addition, the apical and basolateral domains
Horwitz, 1996). Instrumental in this is the establishment ofommunicate by transcytosis, the extent of which depends on
membrane polarity. Molecules such as (glyco)sphingolipidéhe cell type. Here, we briefly summarize what is known about
segregate to the two opposing membrane surfaces (Gomédhese mechanisms and focus on the role of the subapical
Mouton et al., 2001) and, by virtue of their ability to organizecompartment (SAC), a subcellular trafficking center that is
microdomains, may establish a platform for recruitment of théhought to orchestrate these complex trafficking pathways and
different molecular machineries required at these locationss required for the generation and maintenance of epithelial
Polarity is also apparent in neuronal cells, in which membrangembrane polarity.
domains are segregated by a diffusion barrier formed by a row
of protein ‘pickets’ assembled on a membrane-cytoskeletal ) ) o
meshwork at the axonal initial segment (Nakada et al., 2003fndocytosis and polarity: organization and
However, most attention has focused on epithelial cells and Rathways
is these that perhaps best exemplify the principles of cePolarization of epithelial Madin-Darby canine kidney (MDCK)
polarity, displaying asymmetric cellular morphology, cells establishes separate apical and basolateral membrane
molecular composition and functional properties. domains, but also results in a sixfold increase in the surface
Epithelial cells line many tissues and simultaneously facarea of the lateral membrane (Vega-Salas et al., 1987). This
different environments: the lumen on one side, and adjacedemands high levels of membrane biogenesis, which relies on
cells and underlying connective tissue on the othem variety of closely interconnected signaling, biosynthetic,
Accordingly, compartmentalization of the cell surface andransport and recycling events. Evidently, elements of the
hence the operation of distinctly localized sorting and retentioandocytic and transcytotic transport pathways are vital in
mechanisms are crucial for their function. Signals triggered bpolarity development and maintenance.
extracellular matrix and cell-cell cues, and relayed by key In nonpolarized cells, internalization of ligand-receptor
players such as integrins and E-cadherin—catenin complexesmplexes by endocytosis proceeds via peripheral early sorting
respectively, cause the establishment of specific intercellul@andosomes. From this compartment, receptors might recycle to
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the plasma membrane directly, or through the perinuclez
recycling endosome, which is localized near the microtubule
organizing center. The dissociated ligands are transferred fro
early to late endosomes and are delivered to lysosomes 1
digestion (Sachse et al., 2002). Spatial organization of the:
complex pathways is partly provided by the cytoskeleton
presumably reflecting the involvement of distinct motor

I 12
proteins that mediate particular membrane transport stej
(Kamal and Goldstein, 2000). For example, anterograd
transport from early sorting endosomes, but not direc
recycling to the plasma membrane, is inhibited upon disruptio /

of microtubules (Zegers et al., 1998).

Golgl

The small GTPases Rab4 and 5 are established regulators /
early endosomal trafficking. Rab5 is required for the fusior
between endocytic vesicles and early endosomes, where
Rab4 is involved in directing vesicular transport to the
recycling endosome, possibly at the level of vesicle assemb
and budding (De Wit et al., 2001). Interestingly, Rab-base 14 J.z
machineries may cluster in distinct domains and, on earl
endosomes, distinct microdomains that contain mainly Rab! Basolateral
Rab5/Rabd, or Rabd/Rabl1 have been identified (Sonnlchsgln 1.Membrane trafficking pathways in polarized epithelial cells
et al., 2000; De Renzis et al., 2002). Recycling endosomes . :

cromolecules, internalized either from the basolateral (1) or apical
enriched in Rab11 and Rab4 domains (Somsel Rodman apgh) syrface, are delivered to basolateral early endosomes (BEES)

Wandinger-Ness, 2000; Sonnichsen et al., 2000). and apical early endosomes (AEESs), respectively. From here,
Polarized epithelial cells contain distinct populations ofmolecules can recycle to the plasma membrane domain of origin (2,
basolateral early endosomes (BEEs) and apical earhyl), or are directed in the degradative, late endosomal
endosomes (AEEs), which do not directly communicate, sincé.E)/lysosomal (LYS) pathway (5, 6). Alternatively, basolaterally (3)
neither fluid markers nor apical and basolateral ligand- recept@ﬂd apically (12) derived molecules are sorted into a recycling route
complexes internalized at either surface intermingle (Hubegnd meetin a compartment, referred to as the common endosome

et al., 2000). The actin cytoskeleton seems to prevent su ﬁE) subapical compartment (SAC), or apical recycling endosome
direct interactions. Indeed, upon latrunculin  B-induce ARE). From here, polarized recycling can occur to the basolateral
(4) or apical (8) surface. Apical surface targeting can occur dlrectly

depolarization of actin, the distribution of the transferring | .o cg/sac (8), or following a relay from the CE/SAC via the
receptor (TfR), which normally localizes and recycles to theare (g) (for details, see text and Fig. 3). From the CE/SAC, proteins
basolateral surface, becomes randomized, TfR appearing at ¥ also reach the lysosomes (7). In the biosynthetic pathway,
apical surface in polarized Caco2 cells (Durrbach et al., 200()olecules are sorted directly to the basolateral (13) or apical (14)
and MDCK cells (Sheff et al., 2002) (see below) By contrastsurface. In the latter, some proteins might travel via CE/SAC, prior to
in untreated cells, traffic moving through the apical andbheir delivery to the apical surface domain (15). AJ, adherens
basolateral endosomal populations travels through a commdinctions; TJ, tight junctions.
compartment near the apical surface (Fig. 1). This
compartment, which seems to be a ubiquitous feature of
polarized epithelial cells, is variously termed the apicaFutter et al., 1998; Gibson et al., 1998). A recent in situ
recycling endosome (ARE) or common endosome (CEgharacterization of the SAC in hepatocytes (Fig. 2) similarly
(Mostov et al., 2000), the common recycling endosome (Shefevealed the existence of 60-100 nm tubulovesicular structures
et al., 2002) or, most commonly in hepatocytes (the majofanalogous to the MDCK CE) and 150-200 nm cup-shaped
epithelial cells in liver), the SAC (lhrke et al., 1998; Soroka ewesicles in the apical region (analogous to the ARE), through
al., 1999; van IJzendoorn and Hoekstra, 1999; Rahner et alvhich transcytotic and apical endocytic markers travel
2000). sequentially (Rahner et al., 2000).
Ultrastructural studies in MDCK cells and cell fractionation

) of rat liver suggested that the ARE and tubular CE represent
The subapical compartment(s) a single compartment that is subdivided into different
Although cell-type-dependent differences in the morphologylomains (Futter et al., 1998; Verges et al., 1999). By contrast,
of the SAC are apparent, its overall appearance is typified e non-overlapping or partially overlapping distribution of
a branching tubulovesicular network that is clustered in thdistinct SAC-associated markers, such as various Rab
apical region and extends to the cell periphery (Tooze angroteins, emphasized the subcompartmentalization of the
Hollinshead, 1991; Barroso and Sztul, 1994; Apodaca et alSAC (van |Jzendoorn and Hoekstra, 1999). This
1994; Knight et al., 1995; Futter et al., 1998; Rahner et alsubcompartmentalization (Fig. 3), as well as the positioning of
2000; Durrbach et al., 2000; Hansen et al., 2003). The Cthe SAC around centrosomes, partly depends on microtubules,
identified in MDCK cells is a tubularized endosomal systenbecause there is a selective redistribution of markers following
60 nm in diameter. Above this is a population of 100-150 nndisruption of microtubules. Thus, SAC-localized Mrp2 (Soroka
cup-shaped vesicles immediately underneath the apicet al., 1999) and Rab11 in hepatocytes (S.C.D.v.l1J. and D.H.,
membrane, which constitute the ARE (Apodaca et al., 1994jnpublished), and ARE-localized Rab11 and Rab25 in MDCK
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Fig. 2. Visualization of the apical endomembrane
system, following internalization of a fluorescent
marker by apical endocytosis. (A) Overlap of a
marker for apical endocytosis (Texas-Red-labeled
dextran), endolyn-78 (green) and Rab11 (blue). N
the overlap of endolyn-78 and Rab11 (cyan) and f
overlap of dextran and Rab11 (magenta).
Colocalization of all three probes (white) is restric
to the pericanalicular region. Small compartments
(<300 nm) are distinguishable close to the apical
membrane that contain both endolyn-78 and Rab
probably reflecting their colocalization in the SAC,
endolyn-78 accumulates in the SAC prior to its
delivery to lysosomes. Note that Rab11 is thought
be particularly enriched in the distal part of the S#
or ARE. (B) Overlap of a marker for apical
endocytosis with endolyn-78 and basolateral-to-a| e p = \
transcytosing polymeric IgA receptor (plgAR). Nor o . “«‘ %
the overlap of dextran and endolyn-78 (yellow), of . : s ¥e |\
endolyn-78 and plgAR (cyan), some of which A e 43 \
overlaps dextran (white), and of dextran with plgk ’ - o 3
digA (magenta). Bars, gm. The apical endocytic 4 \ 4 z? ";\
‘ ‘_/".

pathway (i.e. the route from the AEE to the SAC t \ Tt 5
lysosomes taken by dextran) intersects the e =) ; & - %
transcytotic route taken by plgR-dIgA in a small . ' ‘ , &
(<300 nm) endolyn-positive SAC. (C-F) Electron hd ST
micrographs of liver infused retrogradely with HRI C D by E E A Y
for various time intervals. HRP initially localizes tc

60-100 nm tubulovesicular structures close to the apical surface (C, 5 minutes). After 10 minutes, multivesicular bodid3) (MidBsip-
shaped vesicles (150-200 nm; E) became labeled with HRP, prior to delivery to the lysosomes (F; 15 minutes). Bar, 5@0ther. d&tails,

see text and Rahner et al. (Rahner et al., 2000).

cells (Casanova et al., 1999), redistribute upon nocodazot®mpositionally distinct proximal and distal subcompartments,
treatment. By contrast, the distribution of SAC-accumulateénd the integrity of the latter is, like the ARE, dependent on
sphingolipid analogues HBIBD-sphingomylin  (SM) or microtubules. Although these subapical structures are defined
CeNBD-glucosylceramide (GlcCer)] remains unaltered indifferently in various epithelial cells, we propose that they
HepG2 cells (van IJzendoorn and Hoekstra, 1998), as does thsdiare similar principal functional and molecular features, and
of Rabl7 in Eph4 cells [Rabl7 regulates basolateral TfRve use SAC and CE interchangeably hereafter.
recycling and probably acts more proximally in basoapical There is clearly a common, recycling endosomal
transport (Zacchi et al., 1998)]. Note, however, that whermompartment where apical and basolateral endocytic pathways
stimulated to move into a distal part of the SAC by cyclicmerge in epithelial cells. However, the requirement for the
(c)AMP signaling, GNBD-SM does redistribute in response ARE as a subcompartment along the transcytotic trafficking
to nocodazole (Zegers and Hoekstra, 1997; van IJzendoorn aralite to the apical membrane has been questioned on the basis
Hoekstra, 2000a), as discussed further below. of kinetic modeling of Tf transport to and from the apical and
HepG2 cells display vesicular structures in the region of thbasolateral membranes via the CE in MDCK cells (Sheff et al.,
SAC that, at steady state, can be labeled with the fluoresce2@02). As described above, biochemical evidence supports the
cholesterol analog dehydroergosterol, but not transferrin axistence of a functionally distinct subcompartment such as the
CeNBD-SM, which both exit basolaterally from the SAC. This ARE, to which Rab11 predominantly localizes. In MDCK cells
also points to the heterogeneous, compartmentalized naturetbft overexpress Rab11l mutants, the trafficking of the complex
the SAC (Wustner et al., 2002). Moreover, in MDCK cells, theformed by IgA and the polymeric IgA receptor (plgR) to the
ARE but not the CE tubulates in the presence of brefeldin Apical membrane is disrupted. However, sorting and recycling
(BFA), has a higher pH and represents a more distal station @i Tf continues (Wang, E. et al., 2000). The question arises
the apical transport pathway (Wang, E. et al., 2000; Brown eherefore as to whether apical recycling of Tf, as observed
al., 2000). Together, the data thus support the idea that theader the experimental conditions (Sheff et al., 2002), requires
SAC in epithelial cells is subcompartmentalized, rather thatransport via the ARE or, alternatively, enters a direct pathway
constituting a single membrane-bound compartment, and h&®m the CE to the apical surface, which does not involve the
discrete subdomains. Here, it is useful to distinguish the CERE. Interestingly, in polarized HepG2 cells, GlcCer recycles
and ARE (Fig. 3). The definition of the latter is somewhatimilarly between the SAC and the apical membrane along a
confusing, because the CE itself can recycle cargo from bogmathway that is not affected by inhibitors that block apically
surfaces, whereas the ARE seems to act primarily as the mastected transport of SM (upon signaling) and pIgR, which exit
distal subapical station relaying apical cargo from the CE to itde SAC by its ARE-reminiscent, microtubule-sensitive distal
(apical) destination, rather than simply recycling it. The SAQoart (van IJzendoorn and Hoekstra, 1998; van 1Jzendoorn and
of hepatocytes also contains functionally and presumablifioekstra, 1999). Therefore, the possibility cannot be excluded
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Fig. 3. Organization of the endosomal recycling system in
polarized epithelial cells. The SAC/CE is accessible both

> to apical and basolateral early-endosome-derived transport
L\ l pathways. Its most distal part is defined as the ARE and is
f"@ Rab4/5 considered an integral subcompartment whose stability is
Rab3 2 dependent on microtubules. This subcompartment is
Rab1l [ 9, . involved in relaying molecules to the apical surface as the

pathway. For further details, see text. Colored arrows
depict apical or basolateral transport routes. AEE, apical
early endosome; AJ, adherens junctions; ARE, apical
recycling endosome; BEE, basolateral early endosome;
CE, common endosome; dIgA, dimeric immunoglobulin
Alplg-receptor complex; GlcCer, glucosylceramide; SAC,
subapical compartment; SM, sphingomyelin; TfR,
transferrin receptor; TJ, tight junctions.

U final step in the overall basolateral-to-apical transcytotic

U Rab25

Al

moves to the distal, microtubule-sensitive part (the
ARE) prior to apical delivery (step 9) (Brown et al.,
2000). Interestingly, Tf gains access to the distal
Rabl14 and Rab25 subcompartment upon mis-
sorting in MDCK cells (Wang et al., 2001) treated
l with brefeldin A, which blocks recycling.

Newly synthesized apical-resident proteins that are
targeted to the apical surface by transcytotic transport
through the basolateral surface (Fig. 1, step 13) (Ilhrke
et al., 1998; Ait Slimane and Hoekstra, 2002; Lipardi
et al., 1999) (see below) pass through the SAC (Fig.
that direct recycling occurs to the apical membrane that, steps 1 and 3). Similarly,s8BD-SM and GNBD-GlcCer
bypasses the ARE. Obviously, further work will be needed téocalized in the apical membrane enter the SAC following
define better the multiple transport pathways that connect thendocytosis (steps 10 and 12), extensively colocalizing with
SAC/CE with the apical and basolateral membranes. the plgR-dIgA complex, prior to their recycling {lIBD-

GlcCer) or transport ({NBD-SM) to the apical (step 8) or
o basolateral (step 4) surface, respectively (van IJzendoorn and

Trafficking to and from the SAC Hoekstra, 1998). The SAC thus occupies a central position in
The SAC receives cargo (Fig. 1), presorted in early sortingoth the basolateral and apical endocytic trafficking pathways.
endosomes, from both the basolateral (Fig. 1, step 3) and api¢¥gulators of these pathways include phosphoinositide 3-
surface (step 12) but also connects with lysosomes (step Kipase (Pl 3-kinase) (Foster et al., 2003), specifically the
by a prelysosomal compartment. Endolyn-78, a lysosomaklass 1ll type Vps34p (Tuma et al, 2001). When
resident glycoprotein internalized from the basolateral surfagghosphatidylinositol 3-phosphate formation is inhibited by
in the hepatocyte-derived cell line WIF-B (lhrke et al., 1998)abrogation of Pl 3-kinase activity, the basolaterally enriched
or from the apical surface (i.e. the membrane domain facinBab5 effector EEA1 (Wilson et al., 2000) leaves the BEE,
the bile canaliculus) in rat hepatocytes in situ (Rahner et alwhich impedes BEE-to-SAC transport (Fig. 1, step 3), whereas
2000), accumulates in the SAC prior to reaching a sharetbs association with the AEE remains unaffected (Tuma et al.,
Rab7 and cathepsin-D prelysosomal compartment and, 2001). There are thus differences in the mechanisms that
eventually, lysosomes. This is also true for other imregulate apical and basolateral endocytosis. These might
situ-internalized apical-resident proteins, includinginclude distinct modes of operation of apical versus basolateral
dipeptidylpeptidase IV (DPPIV) and aminopeptidase N (APN)microdomain-localized Rab5/Rab4 (see above), with Rab4
Because material recycling to either domain, as well asather than Rab5 being thought to be involved in vesicle
transcytotic traffic, also traverses the compartment, the SA@ssembly and transport.
must have a crucial function in the maintenance of membrane As well as being central to endocytic trafficking in the
polarity and hence harbor sophisticated sorting machinery. context of membrane polarity, does the SAC also contribute to

Studies of the transcytosis of the plgR-dIgA complex, whictsorting in the biosynthetic pathway (i.e. by being connected to
crosses the CE on its route from the basolateral to the apidale Golgi; Fig. 1, step 15)? Following arrival in the trans-Golgi
surface, and of the trafficking of the Tf-TfR complex, havenetwork (TGN), proteins are selectively sorted and packaged
been imperative in defining the properties of the CE (Rojas aridto distinct carrier vesicles, destined for the apical (step 14)
Apodaca, 2002; Mostov et al., 2000; Mostov et al., 2003)or basolateral (step 13) surface. Direct targeting from the TGN
Basolaterally internalized Tf-TfR partly recycles through theto either surface would be efficient, but not all apical proteins
BEEs (Fig. 1, step 2), but a considerable fraction reaches tfielow such a direct route. Although direct transport
CE (Fig. 1, step 3). Once there, the Tf is directly recycled (Figoredominates in MDCK cells, apical proteins can also reach
1, step 4; see also Fig. 2). By contrast, the plgR-dIgA complethe apical surface by transcytosis from the basolateral

Basolateral surface
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membrane through the SAC, as observed in Caco2 cellsuggests that Rab4 has a role in regulating TfR recycling
hepatocytes and FRT cells. Single-span membrane proteiridJlohrmann et al., 2002). Interestingly, actin perturbation
including  glycosylphosphatidylinositol ~ (GPI)-anchored causes a very similar mis-sorting (Durrbach et al., 2000; Sheff
proteins, travel in liver cells along this indirect pathwayet al., 2002) (see below), which indicates a potential link
(Bastaki et al., 2002; Ait Slimane et al., 2003; De Marco et alhetween Rab-controlled and cytoskeleton-dependent transport.
2002), whereas multispan proteins, such as the AB®Rab3 and Rabl7 family members are specifically expressed in
transporters MDR1, MDR2, Mrp2 and the sister of P-polarized epithelial cells (Lutcke et al., 1993; Zacchi et al.,
glycoprotein (SPGP), as well as the copper transporter ATP7B998; van I|Jzendoorn et al.,, 2002). Rab3b regulates
travel directly from the TGN to the apical membrane (Sorokdranscytotic trafficking of plgR from the ARE. Similarly,
et al.,, 1999; Kipp et al., 2001; Ait Slimane et al., 2003)Rab3d localizes near the apical plasma membrane in liver cells
Interestingly, in situ immunofluorescence has revealed that oraad colocalizes with the pIgR in transcytotic carrier vesicles,
of these proteins (SPGP) localizes to subcanalicular endosonvalhich suggests it is involved in the regulation of a distal step
vesicles (Gerloff et al., 1998) at the apical poles of the cellg transcytosis in these cells (Larkin et al., 2000).
and travels in a microtubule-dependent manner to the apical, Certain Rab proteins (Rab11, Rab17 and Rab25) localize to
bile canalicular membrane through an endosomal compartmespecific regions of the SAC (Goldenring et al., 1996; Hansen
thatis enriched in Rab11 (Kipp and Arias, 2000), and is distallgt al., 1999; Casanova et al., 1999; Rahner et al., 2000; van
positioned in the traffic route through the SAC (SomselJzendoorn et al., 2003) or to apical tubules — tubular
Rodman and Wandinger-Ness, 2000). Therefore, although thaixtensions in the filament-rich region of the apical most part
origins differ (basolateral membrane versus TGN), the plgRef the cytoplasm [Rab18 and Rab20 (Zerial and McBride 2001,
digA complex and SPGP might have very similar exitSomsel Rodman and Wandinger-Ness, 2000)]. Overexpresion
pathways from the SAC. Although MDR1 and MDR2 do notof dominant-negative Rab17 in polarized Eph4 cells reroutes
seem to travel along the same pathway to the apical membranfR trafficking from the SAC to the apical, rather than the
in liver cells (Kipp et al., 2001), trafficking of these proteins isbasolateral domain (Zacchi et al., 1998). In MDCK cells,
sensitive to the cAMP signaling pathway (see below) thabverexpression of Rabl17 inhibits plgR transcytotic transport
activates SAC-derived transport to the apical, bile canaliculaand, as in Eph4 cells, the Rab protein colocalizes with apically
membrane in HepG2 cells (Fig. 1, step 9) (van IJzendoorn arahd basolaterally endocytosed plgR-digA (Hunziker and
Hoekstra, 2000a; van IJzendoorn and Hoekstra, 2000bpeters, 1998). This might mean that TfR and pIgR arriving at
However, whether, and if so how much, these proteins cyclie CE follow different pathways to the apical membrane that
between the apical membrane and the SAC remains to lage differentially regulated by Rab17. This would be analogous
determined. to the regulation of apical but not basolateral endocytic
trafficking by Rab5, whose effector Vps34 is present at the
) . . o apical but not the basolateral domain (Tuma et al., 2001).
Machinery in SAC-mediated trafficking In this scenario, an important feature of the
The distinct trafficking pathways through the SAC, togethessubcompartmentalization of the SAC could be that distinct
with observable morphological heterogeneity, indicate that iactivities of the same Rab are spatially separated and regulated
has different (sub-)compartments that might contain distindby different effectors. Apically endocytosed plgR-dIgA
lateral microdomains, and these might harbor distinctolocalizes with Rab17 in the CE, rather than the ARE, which
machineries. Very little is known either of the molecularis consistent with the notion that the Rab17 compartment is
machinery that governs transcytotic and biosynthetiégnsensitive to microtubule perturbation (Zacchi et al., 1998),
trafficking, or the apical and basolateral recycling through thevhich is in contrast to the ARE. Similarly, also in liver cells,
CE/SAC. Nevertheless, some aspects of these mechanisms apécally endocytosed molecules are initially delivered to the
becoming apparent. microtubule-resistant part of the SAC (van lJzendoorn and
Hoekstra, 1998; Rahner et al., 2000).
_ The exact role of Rab11 is unclear. It is associated with the
Rab proteins ARE in MDCK cells (Casanova et al., 1999; Wang et al., 2001)
Distinct Rab proteins become specifically expressed in thand with the microtubule-sensitive distal part (Fig. 3) of the
course of development of cell polarity, and some of these a®AC in HepG2 cells (S.C.D.v.lJ. and D.H., unpublished)
closely associated with the SAC (Figs 2, 3). In fact, this is onéFig. 2). Indeed, Rabll has been proposed to play a role
way (van |Jzendoorn and Hoekstra, 1999; van |Jzendoorn &t microtubule organization and the subsequent spatial
al., 2003) in which the SAC acquires properties that distinguisbrganization of membrane compartments and plasma
it from the recycling compartment in nonpolarized cells. Thesenembrane recycling (Dollar et al., 2002). In nonpolarized
Rab proteins often display distinct (subcompartmentalgells, Rabll controls the recycling of TfR, possibly by
localizations — as do those on early and recycling endosomesgulating exit from early sorting endosomes (Ren et al., 1998)
in nonpolarized cells — which might be instrumental in theand docking at the recycling endosome (Zerial and McBride,
regulation of distinct transport steps. It is also possible th&2001). In Drosophila epithelia, trafficking through Rab11-
epithelial-specific coat adaptors cooperate with Rab effectointaining recycling endosomes is essential for remobilizing
to mediate the biogenesis/budding of different types ofmembrane pools, which are partly derived from the apical
transport vesicles. surface, in order to ensure lateral membrane growth (Pelissier
In MDCK cells, Rab4 localizes to the CE, and itset al., 2003). Exit from the subapical Rabll-containing
overexpression abrogates recycling of TfR to the basolaterabmpartment, which probably represents the ARE, is regulated
membrane, causing it to redistribute to the apical surface. Thizy the GTPase shibire/dynamin (Pelissier et al., 2003).
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Furthermore, the expression of a dominant-negative RablIhembrane, which is unaffected by PKA activation, also appears
mutant in polarized gastric parietal cells inhibits theindependent of microtubules and proceeds normally. This
recruitment of the BK* ATPase from subapical vesicles to the suggests that a recycling pathway that does not require transport
apical surface (Duman et al., 1999). Rab11l might similarlfhrough the distal microtubule-sensitive part of the SAC operates
control the exit step from the SAC to the apical membrane ibetween the apical surface and the SAC. These observations are
other epithelial cells, since a dominant-negative Rab11 mutairt line with the notion that disruption of trafficking by the ARE
also disrupts plgR-dIgA transcytosis in MDCK cells, withoutin MDCK cells (as reflected by the flow of plgR-dIgA) does not
affecting TfR recycling (Wang, X. et al., 2000). interfere with sorting and recycling of Tf-TfR complexes (Wang,
The underlying mechanism possibly relies on recruitment oX. et al., 2000) (cf. Rojas and Apodaca, 2002). Most importantly,
the Rabl11 effector Ripll (Meyers and Prekeris, 2002), whicim light of the enlargement of the apical membrane area upon
is a member of a larger group of Rabl1l-interacting proteinBKA activation, these data might thus indicate that the
(Rabl11-FIPs) (Meyers and Prekeris, 2002), and/or the actimicrotubule-dependent exit pathway from the SAC is involved in
dependent motor protein myosin Vb (Lapierre et al., 2001¢le novo biogenesis of the apical membrane domain. The
Hales et al.,, 2001). Whether Rabll is involved in actirregulation of traffic through this pathway also involves Rablla
remodeling and recruitment, possibly for apical membranand Rab3b (Prekeris et al., 2000; van 1Jzendoorn et al., 2002)
expansion (Pelissier et al., 2003), is an interesting possibilit§s.C.D.v.1J. and D.H., unpublished), which localize to distal parts
that would parallel mechanisms in cytokinesis (Riggs et alof the SAC and CE (thus implicating the ARE). A similar signal-
2003). Finally, like Rabl11l, Rab25 appears to be involved imegulated pathway is responsible for apical transport of the cystic
regulating distal steps in SAC-to-apical-membrane transporfibrosis transmembrane regulator (CFTR) channel protein
because its overexpression slows the rate of IgA transcytosigdmeen et al., 1999) and the aquaporin-2 water channel protein
However, its mechanism of action might be different from(Fushimi et al., 1997) in intestinal epithelia and polarized LLC-
that of Rabll as expression of dominant-negative Rab2BPK1 renal cells, respectively.
in contrast to dominant-negative Rabll, does not alter PKA-regulated trafficking from the SAC is a target for
transcytosis (Casanova et al., 1999). signaling cascades elicited by cytokines belonging to the
interleukin (IL)-6 family. Oncostatin M (OSM), a member of
. . this family, is an important regulator of liver maturation,
CAMP/PKA signaling triggering formation of intercellular E-cadherin-based and
In polarized HepG2 cells, f8IBD-SM and GNBD-GIcCer catenin-based adherens junctions between fetal hepatocytes,
normally localize to distinct domains of the SAC (vanwhich are crucial steps in the differentiation of liver tissue
IJzendoorn and Hoekstra, 2000b; Maier and Hoekstra, 2003Matsui et al., 2002). In cell culture, these cytokines promote
SMis transported to the basolateral membrane, whereas GlcQivelopment of cell polarity by stimulating the biogenesis of
recycles between the SAC and apical membrane, along the apical domain and binding to receptors at the basolateral
pathway different from that taken by plgR-dIgA, when travelingsurface (van der Wouden et al., 2002). gp130, the signal-
through SAC to the apical membrane (Fig. 3). Acting throughransducing unit of the OSM/IL-6 receptor is recruited into
protein kinase A (PKA), cAMP induces polarity development,sphingolipid/cholesterol-enriched plasma membrane domains,
which is reflected by an increase in the number of cellsvhich elicits cross-talk through an as-yet-unknown mechanism
displaying a polarized phenotype, and an enlargement of tiveith cAMP signaling, and hence implicates PKA activation in
apical surface area (‘hyperpolarization’) of cells alreadylL-6-dependent polarity development (van der Wouden et al.,
polarized. Specifically, this treatment activates a commo2002). These data thus provide a clue to the molecular
calmodulin-dependent SAC-to-apical membrane exit pathwagnechanism that couples the biogenesis of the apical membrane
(marked by plgR-dIgA) that SM now follows. By contrast, thedomain to the regulation of intracellular transport exiting the
SAC-to-apical membrane pathway marked by GlcCer transpoBAC in response to an extracellular, basolaterally localized
and recycling appears unaffected (Zegers and Hoekstra, 19%Timulus. The molecular mechanisms remain to be determined
van IJzendoorn and Hoekstra, 2000b). cAMP also stimulatdsut could be similar to those operating in the regulated
apical transport of Mrp2 in hepatocyte couplets (Soroka et alredistribution of specific integrins to the leading edge of
1999) and the apical recycling of V-ATPase (Pastor-Soler et almigrating cells in response to signals that act on a Rablla-
2003), a protein that typically resides in subapical, cup-shapeambntroled subset of recycling endosomes (Powelka et al., 2004).
vesicles (Hermo et al., 2000). Hyperpolarization is similarly
apparent under these circumstances (Soroka et al., 1999), which )
suggests that the plgR-digA-marked pathway from the SAC tbipid microdomains
the apical surface characterized in HepG2 cells is also activateédjuid-ordered sphingolipid/cholesterol-enriched microdomains
in hepatocytes. Hence, the SAC appears to contain a PK@pid rafts) have been proposed as targeting devices in the direct
sensor capable of reversing SM-marked trafficking, whichransport of apical proteins from the TGN to the apical
seems to be physiologically relevant because transiembembrane (lkonen and Simons, 1998; Ikonen, 2001; Hoekstra
activation of intrinsic PKA occurs at the early stages of polarityet al.,, 2003). The GPI membrane anchors, or ecto- and
development in HepG2 cells (van 1Jzendoorn and Hoekstré&tansmembrane domains of these proteins, are thought to
2000a). function as the sorting signals that target them to the appropriate
Microtubule disruption inhibits PKA-promoted location (Rodriguez-Boulan and Gonzalez, 1999; Gu et al.,
(hyper)polarization (Zegers et al., 1998), as well as transcytos®901; Nelson and Yeaman, 2001). The CE in MDCK cells is
of apical-resident proteins (Tuma et al., 2002). In contrastjch in raft components, such as sphingomyelin and cholesterol,
recycling of GNBD-GIlcCer from the SAC to the apical and the raft-associated proteins caveolin and flotilin (Gagescu et
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al., 2000). In fact, distinct sphingolipid domains exist in the SAGpoorly understood, role in trafficking to and from the SAC,
(van 1Jzendoorn and Hoekstra, 2000b), and similar domains hased possibly in the biogenesis of the SAC. Actin
also been identified on Rabl1-containing recycling endosomekepolarization induced by latrunculin  treatment or
(Sharma et al., 2003). Recently, Nyasae et al. showed that theerexpression of the small GTPase RhoA (Leung et al., 2000)
delivery of apical-membrane-destined proteins from BEESs to thdecreases TfR recycling from the SAC to the basolateral
SAC requires sphingolipids and cholesterol (Nyasae et almembrane in Caco?2 cells (Durrbach et al., 2000) and MDCK
2003). In HepG2 cells, these proteins appear to localize trells (Sheff et al., 2002), causing mis-sorting to the apical
detergent-insoluble (Triton X-100) microdomains while surface. Simultaneously, recycling from the BEE appears
transcytosing from the basolateral to the apical membrarmmpromised (Sheff et al., 2002), and the pool of membrane-
domain (Ait Slimane et al., 2003). bound particles constituting the SAC as observed in control
MAL2, a member of the MAL family of raft-associated cells is reduced. This could signify an actin-related
proteins, has recently been identified in HepG2 and Caco2 cefperturbation in the merging of AEE- and BEE-derived
(De Marco et al., 2002). Colocalization studies suggested th&ansport vesicles, which might be instrumental in the
MAL2 localizes to the SAC and resides in Triton X-100-biogenesis of the SAC. Indeed, under these conditions,
resistant microdomains, which is thought to indicate rafbasolaterally derived sorting endosomes and transport vesicles
localization. In MDCK cells, MAL regulates apical targeting fuse directly with the apical surface, thus explaining mis-
from the TGN to the apical membrane (Puertollano et al., 2005prting of basolateral receptors (Durrbach et al., 2000; Sheff
Martin-Belmonte et al., 2001), and its depletion causest al., 2002), and emphasizing the importance of the SAC as
accumulation of apical cargo in the Golgi. MAL2 might havea transcytotic sorting center.
a similar role in apical trafficking from the SAC, since its Myosin | and its relative brush border myosin | (BBMI)
downregulation impedes transcytosis of both plgR and th&unction in Tf recycling (Apodaca, 2001) and in recycling and
GPIl-anchored protein CD59. However, since the proteinfranscytosis of the apical-resident protein DPPIV (Durrbach
largely accumulated in large perinuclear endosomes in thes¢ al., 2000), respectively. Furthermore, expression of a
studies (De Marco et al., 2002), and the plgR does not seatilominant-negative myosin Vb mutant in polarized MDCK
to localize to rafts (Sarnataro et al., 2000; Rojas and Apodaceglls stably expressing pIlgR causes accumulation of
2002), the role of MAL2 in the SAC remains to be determinedbasolaterally endocytosed dIgA-plgR in the ARE. This
Itis possible that regulatory proteins such as MAL require raftsuggests that actin dynamics play a role in regulating exit from
as signaling platforms, but not directly for sorting of cargo. the ARE (Lapierre et al., 2001). Thus, the integrity of actin
The role of detergent-resistant microdomains in apicafilaments is imperative for SAC-connected membrane
trafficking is thus unclear. Single-span apical membrangrafficking; whether actin also regulates trafficking within or
proteins in liver cells travel by the indirect transcytotic pathwaypetween SAC subcompartments remains to be determined.
(Ihrke et al., 1998; Ait Slimane et al., 2003) — from the Golgi In this context, it is important to comment on the endocytic
to the basolateral domain and onward to the apical surface eapacity and dynamics of the apical surface in connection
part of Triton X-100-resistant microdomains (Ait Slimane et al.with the SAC. It has been proposed that actin-based scaffolds
2003). This indicates that raft-mediated trafficking operates igan actively prevent certain proteins from becoming
both the apical and basolateral pathways. Similarly, polytopitternalized by endocytosis (Yeaman et al., 1999). In fact,
proteins, trafficking directly from the TGN to the apical Tuma et al. suggest that this is the case for apical-resident
membrane (Kipp and Arias, 2000; Ait Slimane et al., 2003proteins such as APN,T and pIgR in WIF-B cells until
enter lubrol-insoluble, but Triton X-100-soluble domains in thetheir removal is specifically triggered by a signal for
Golgi (Ait Slimane et al., 2003). However, one should bdysosomal delivery (Tuma et al., 2002). Remarkably, actin
cautious about interpreting such results (for a criticadepolymerization triggers basolateral targeting of these
discussion, see Chamberlain, 2004). Nevertheless, in this capeoteins, which is reminiscent of the opposite scenario in
the detergent-dependent differences in (in)solubility, lubrolvhich basolateral proteins are mistargeted to the apical
being a weaker detergent than Triton X-100, could reflect thmembrane under similar conditions (Durrbach et al., 2000;
recruitment of different types of protein to distinct membranesSheff et al., 2002). However, the extent to which local
microdomains, because one type of raft travels to the basolateratycling of apical-resident proteins occurs requires further
surface and the other travels to the apical surface. Sorting of thevestigation, particularly since Rahner et al. have reported
lubrol-insoluble domains depends on a cholesterol-sensitivapical endocytosis of these proteins by liver cells in situ,
factor because removal of cholesterol eliminates apical sortirghowing, in contrast to the data from WIF-B cells (Tuma et
but not association of the proteins with the rafts (Ait Slimanel., 1999), that the SAC acts as an intermediate compartment
et al., 2003). These data indicate that raft recruitment ighat also sorts apical-resident proteins for lysosomal
not sufficient for polarized protein targeting. Nevertheless, idegradation (cf. Figs 1 and 2) (Rahner et al., 2000). The
seems to play some role and biochemical characterization diynamic interaction between the apical surface and the SAC
membrane  microdomains, including their functionalis also highlighted by the notion that apically localized
reconstitution, will be imperative if we are to appreciate furthesphingolipids are readily endocytosed and reach the SAC for
their functions in SAC-dependent trafficking. recycling in the case of GlcCer or further transport to the
basolateral membrane in the case of SM (van IJzendoorn and
: . Hoekstra, 2000b). Moreover, uncleaved plgR-dIgA recycles
The cytoskeleton and polarized trafficking from the apical membrane via AEEs to the CE, before
Actin transferring to the apical membrane via the microtubule-
Actin and actin-binding motor proteins play an important, busensitive Rab11-containing ARE (Wang, X. et al., 2000).
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Microtubules target for extracellular signals, including those that regulate

The apical and basolateral membranes are distinctly orientéical plasma membrane biogenesis and cell migration, as well
with respect to microtubule polarity: microtubule plus ends?s those that control the appearance of transporter and channel
face the basolateral membrane, whereas their minus ends fag@teins at the apical surface. .

the apical membrane (Allan et al., 2002). This creates the Current work on cell (membrane) polarity has largely
potential for selectivity through use of motors that haveocused on its development and maintenance, as well as the
different directionality. These presumably bind to apical ofasic characteristics of endocytic and transcytotic pathways;
basolateral transport vesicles and are themselves sortdfe resultis that compartments through which cargo travels en
As discussed above, the SAC contains a microtubulgoute to either membrane domain are now defined to some
depolymerization-sensitive subcompartment, and microtubulegxtent. Insight into the initiation of polarity development is also
are thus crucial to its structural and hence functionagradually emerging (Nelson, 2003; Mostov et al., 2003). The
organization. Moreover, apically endocytosed sphingolipidiext challenge is to identify the underlying molecular
ana|ogs accumulate in apica| endocytic vesicles and do nmechanisms, which will make the isolation of the SAC and its
reach the SAC upon disruption of the microtubules. Thusjetailed biochemical characterization inevitable. Progress in
inbound and outbound trafficking rely heavily on an intactthis area will also provide insight into how the SAC acquires
microtubule network, and microtubule-based motors probablifs characteristic properties in fully polarized epithelial cells,
p|ay an important role in SAC-dependent trafﬁcking_Wthh WI” deepen our understandlng of how membrane
Transcytotic vesicles enriched in plgR, DPPIV, Pgp and Mrp®olarity is established.

from rat liver are highly enriched in the minus-end-directed
microtubule motor dynein (Soroka et al., 1999), and this mot%

is also thought to drive plgR-digA transport from the BEES t utch Academy of Sciences (KNAW). We gratefully acknowledge Dr

the .CE .(Rojas and ApOd.aca' 2002). Althpug_h this VeSiCI? kas Landmann, University of Basel, Switzerland, for providing us
fraction is heterogeneous in nature, part of it might be relategi, gata presented in Fig. 1.

to the distal, microtubule-sensitive part of the SAC. Following

biosynthesis, plgR and DPPIV reach the apical membrane by

transcytosis via the SAC and colocalize in these vesicles Witheferences

MDR1, which travels by the direct route (see above). It remaing; sjimane, T. and Hoekstra, D(2002). Sphingolipid trafficking and protein

to be determined whether this implies that MDR1 actually sorting in epithelial cellSFEBS Lett529, 54-59.

recycles via the SAC and follows a dynein-driven plgR/dIgA-Ait Slimane, T., Trugnan, G., van I3zendoorn, S. C. D. and Hoekstra, D.
marked pathway to the apical membrane, but this would be (2003). Raft-mediated trafficking of apical resident proteins occurs in both

. - . . _ . : direct and transcytotic pathways in polarized hepatic cells: role of distinct
consistent with its entry into the cAMP-sensitive apical lipid microdomainsMol. Biol. Cell 14, 611-624.

pathwaY_fOHQWing apical endocytosis (Kipp et al., 2001). _ Allan, V. J., Thompson, H. M. and McNiven, M. A.(2002). Motoring around
The kinesin-related motor Unc 104 (KIF1A) clusters in the Golgi.Nat. Cell Biol.4, E236-E242.

lipid rafts, which might trigger its activity, and binds to Ameen, N. A., Martensson, B., Bourguinon, L., Marino, C., Isenberg, J.

phosphatidylinositol (4,5)-bisphosphate through its pleckstrin 2"d McLaughlin, G. E. (1999). CFTR channel insertion to the apical
! . surface in rat duodenal villus epithelial cells is upregulated by VIP in vivo.

homology (PH) domain (Klopfenstein et al., 2002). There ; cejsci112 887-894.

might therefore be another level at which cytoskeletal motorspodaca, G.(2001). Endocytic traffic in polarized epithelial cells: role of the

operate in SAC-dependent trafficking: as part of raft-associatedactin and microtubule cytoskeletdfraffic 2, 149-159.
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sorting devices. Apodaca, G., Katz, L. A. and Mostov, K. E.(1994). Receptor-mediated
transcytosis of IgA in MDCK cells is via apical recycling endosomeSell
Biol. 125, 67-86.

Perspective Barroso, M. and Sztul, E. S.(1994). Basolateral to apical transcytosis in

] . . polarized cells is indirect and involves BFA and trimeric G protein sensitive

There is good evidence to suggest that the SAC/CE functionspassage through the apical endosain€ell Biol. 124, 83-100.

as a polarized recycling system, but its physiological rolé@astaki, M., Braiterman, L. T., Johns, D. C., Chen, Y.-H. and Hubbard,

remains unclear. For instance, when transport to the SAC/CEA- L. (2002). Absence of direct delivery for single transmembrane apical

. ’ . ’ proteins or their ‘secretory’ forms in polarized hepatic célisl. Biol. Cell

is perturbed, recycling basolateral plasma membrane 13 555037

macromolecules can i_nstead be delivered from pa_solateral e.ady)wn, P. S., Wang, E., Aroeti, B., Chapin, S. J., Mostov, K. E. and Dunn,

endosomes to the apical surface. However, efficient recycling K. (2000). Definition of distinct compartments in polarized Madin-Darby

from basolateral and, presumably, apical early endosomes alsganine k'(é”ey_ ("I"DCK)I_CQE_”Sﬁ_forl T;T;’Z%”E‘VO'UT“E sorting, polarized
. . . sorting and apical recyclingraffic 1, -140.

occurs without a need for distal recycll_ng _enc_JosomaI elemenasasanova’ J. E. Wang, X., Kumar. R., Bhartur, S. G., Navarre, J.

such as the SAC/CE. This leaves the intriguing question as tOwoodrum, J. E., Altschuler, Y., Ray., G. S. and Goldenring, J. R1999).

the relevance of such an elaborate and molecularly sophisticatedssociation of Rab25 and Rablla with the apical recycling system of

recycling and sorting system. An attractive hypothesis is that polarized madin-Darby canine kidney ceN&ol. Biol. Cell10, 47-61.

; ; hamberlain, L. H. (2004). Detergents as tools for purification and
the SAC/CE provides an intracellular membrane pool that ca classification of lipid raftsEEBS Lett559, 1.5,

be read”y recrUiFed fPr the 'assefmbly of SDECialized pIasmge Marco, M. C., Martin-Belmonte, F., Kremer, L., Albar, J. P., Correas,
membrane domains, like a migrating front or a lateral or apical |., vaerman, J. P., Marazuela, M., Byme, J. A. and Alonso, M. A2002).
surface domain, and is equipped with a specific subset ofMAL2, a novel raft protein of the MAL family, is an essential component
proteins and lipids. Indeed, several lines of evidence haveggéhg;'ﬁh'”efy for transcytosis in hepatoma HepG2 ckligell Biol.
pomted to the mvoIvgment of Rabll, a typ|cal recyc"n,gDe Renzis, S., Sénnichsen, B. and Zerial, NR002). Divalent Rab effectors
endosomal GTPase, in t_hese processes. Moreover, polarizegbgulate the sub-compartmental organization and sorting of early
transport from the recycling system has been shown to be aendosomesNat. Cell Biol.4, 124-133.
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