
Abstract. The plasma membrane of epithelial cells and 
hepatocytes is divided into two separate membrane com-
partments, the apical and the basolateral domain. This 
polarity is maintained by intracellular machinery that 
directs newly synthesized material into the correct tar-
get membrane. Apical protein sorting and trafficking re-
quire specific signals and different intracellular routes to 

the cell surface. Some of them depend on the integrity 
of sphingolipid/cholesterol-enriched membrane microdo-
mains named ‘lipid rafts’, others use separate transport 
platforms. Certain characteristics of the heterogeneous 
population of apical sorting signals are described in this 
review and cellular factors associated with sorting and 
transport mechanisms are discussed.
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Introduction

Epithelia represent an interface between the outside world 
and the internal system of the organism. This is main-
tained by the characteristic morphology of an epithelial 
cell integrated into a monolayer of cells that acts as a bar-
rier against water and ion flux. Dependent on the organ 
or the state of differentiation, epithelial cells specialize in 
particular functions, such as presentation of hydrolases re-
quired for the digestion and absorption of nutrition or ion 
transporters to pump ions against osmotic gradients. To 
warrant these functions and to control material flow into 
one precise direction, epithelial cells maintain a polarized 
organization. Their plasma membrane is asymmetric and 
divided into two distinct membrane domains, an apical 
domain facing the organ lumen or external world, and a 
basolateral domain facing neighboring cells and the basal 
lamina. The process of cellular polarization is initiated 
by an influx of information from the extracellular milieu, 
provided by cell to cell interactions or contacts with the 
extracellular matrix (ECM). Based on the outer cellular 
topology, parts of the cell membrane that are in contact 

with neighboring cells or the basal lamina develop the ba-
solateral membrane, while areas opposed to lumina form 
apical membranes [1].
Apical and basolateral membrane domains have distinct 
morphologies based on their prominent organ-specific 
function. The apical membrane domain of enterocytes is 
characterized by a brush border composed of microvilli, 
which magnify the cell surface and improve absorptive 
and exchanging properties of the tissue. In hepatocytes 
the apical pole is concentrated to a membrane area sur-
rounding the bile canaliculi, where bile secretion takes 
place [2]. In general, based on their functional special-
ization apical and basolateral membrane domains are 
composed of different proteins and lipids [3]. The api-
cal plasma membrane of intestinal cells is, for example, 
enriched in intestinal hydrolases, while E-cadherin or 
integrins are concentrated in the basolateral domain and 
facilitate the formation of cell/cell or cell/ECM con-
tacts. The composition of membrane lipids is also po-
larized in epithelial cells: cholesterol and sphingolipids 
are enriched on the apical part, whereas the basolateral 
membrane is enriched in phosphatidylcholine [4]. This 
polarized architecture is stabilized in epithelial cells by 
the tight junction complex that acts as a barrier against 
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protein or lipid diffusion from one membrane domain to 
the other.
Differences in protein and lipid composition of the two 
membrane domains are maintained by highly specific 
sorting and transport mechanisms. In this context, the 
intracellular routing of proteins per se is also denoted 
‘polarized trafficking’ [5]. The current knowledge about 
this sorting machinery and the underlying sorting sig-
nals is mainly based on studies with epithelial cells in 
culture. Following differentiation these cell monolayers 
reproduce many characteristic features of epithelial cells 
in vivo, providing a useful tool to study the development 
of polarized cells and basic features of polarized protein 
transport. Among the most frequently used cell lines are 
renal Madin-Darby canine kidney (MDCK) cells, the hu-
man intestinal cell lines Caco-2 and HT-29 and HepG2 
hepatocytes.
Studies on exocytic routes in epithelial cells started by 
the analysis of virus-infected cells. These studies speci-
fied pathways of newly synthesized viral capsids and 
demonstrated that influenza virus buds from the api-
cal plasma membrane, while vesicular stomatitis virus 
(VSV) budding is localized to the basolateral membrane. 
This polarized targeting has also been observed for the 
corresponding envelope proteins [6], the apical influenza 
hemagglutinin glycoprotein (HA), and the basolateral 
VSV glycoprotein G (VSV-G) [7]. HA is synthesized 
in the endoplasmic reticulum (ER) and travels along the 
secretory pathway to the cell surface [8]. It is separated 
from VSV-G in the trans Golgi network (TGN) before 
reaching the cell surface [9–11]. However, viral proteins 
harbor the potential to manipulate intracellular mecha-
nisms for their own benefit and, therefore, endogenously 
or exogenously expressed receptors [12, 13] or enzymes 
[14–16] entered the stage for the characterization of api-
cal transport processes.
Mechanisms ensuring protein transport from the TGN to 
the plasma membrane can be divided into several steps: 
protein segregation or sorting, budding and transport of 
carrier vesicles arising from the TGN, trafficking along 
intracellular tracks, docking and fusion with the target 
membrane. This review describes these steps, which cer-
tify the specificity of protein transport towards the ap-
propriate membrane domain by fine tuning of membrane 
and cytosolic factors.

Multiplicity of apical sorting signals and mechanisms

Protein sorting is based on intrinsic motifs that interact 
with components of the sorting machinery and direct 
the polypeptide through the distinct transport routes to 
a correct membrane domain. Early sorting determinants 
identified are located on basolateral proteins. These ini-
tial data demonstrated that short amino acid sequences, 

containing Tyr, Leu-Leu or Leu-Val motifs are localized 
in the cytoplasmic region near the transmembrane do-
main and direct proteins to the basolateral membrane [3, 
17–19]. Mostov and coworkers [20] have proposed that 
theses structures would form a common β-turn signal 
for basolateral tethering. Nevertheless, a recent study, 
performed with MDCK and Fischer rat thyroid (FRT) 
cells, proposed that basolateral sorting signals comprise 
a multitude of secondary structures like α-helices or β-
sheets, and can also be localized in distal parts of the cy-
toplasmic domain [21]. Basolateral sorting determinants 
can overlap with endocytosis signals and are decrypted 
by coat proteins of the clathrin complex [22]. Proteins 
containing Tyr motifs bind to the γ 1 subunit of the AP-1 
adaptor complex [23–25], and Leu-Leu motifs interact 
specifically with the β subunit of AP-1 [26]. Recently, a 
new adaptor complex, AP-1B, specifically expressed in 
epithelial cells, has been described for basolateral protein 
delivery [27].
In contrast to basolateral trafficking, the interaction of 
apical sorting determinants with cellular adaptors or re-
ceptors is still unclear and remains to be identified. Until 
now a heterogeneous population of apical sorting signals 
has been described. Among them is the lipid anchoring 
by glycosylphosphatidylinositol anchorage (GPI), a post-
translational modification in the ER, which is the first 
apical sorting signal that was described [16, 28]. GPI-
anchored proteins (GPI-APs) are preferentially localized 
at the apical plasma membrane of epithelial cells and are 
resistant to detergent extraction at 4 °C, an indication for 
the association with sphingolipid/cholesterol-rich mem-
brane microdomains or lipid rafts [16, 29–32]. Neverthe-
less, although GPI anchoring provides raft association, 
this is not a general mechanism for protein targeting to 
the apical membrane. Lipardi et al. [33] have shown that 
soluble forms of placental alkaline phosphatase (PLAP) 
are not associated with lipid rafts but are still apically 
sorted in Fischer rat thyroid cells. Moreover, the addition 
of a GPI-anchoring motif on rat growth hormone (rGH), a 
soluble protein that is secreted in a non-polarized manner, 
is not sufficient for apical targeting [34]. Hence, other 
determinants, apart from GPI anchoring, ensure proper 
apical delivery. Those signals could rely on the presence 
of N- or O-glycans [34–37].
Early indications for an involvement of N-glycosyl chains 
in apical protein targeting came from studies using N-
glycosylation inhibitors. Treatment of MDCK cells with 
tunicamycin, a GlcNAc-analogue that inhibits the first 
steps of N-glycosylation, missorts apical gp80 (clus-
terin) to both membrane domains of MDCK cells [38]. 
Glycosylation-deficient cell lines have also been used 
to demonstrate an involvement of glycans in apical pro-
tein sorting. For example, ricin-resistant MDCK cells 
(MDCK RCAr) are characterized by a defect in galac-
tose incorporation into glycoproteins. The impairment 
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of glycosylation in this cell line induced mistargeting of 
the apical glycoprotein gp114 [39]. In addition, recom-
binantly added N-glycosyl chains could be identified as 
apical sorting determinants. The rGH shows no preferen-
tial targeting in epithelial cells, but recombinant addition 
of two N-glycosyl chains results in apical localization of 
rGH [40]. On the other hand, deletion of one N-glycosyl 
chain on erythropoietin leads to impaired apical secretion 
in MDCK cells [41]. N-glycans also play a role in apical 
delivery of endolyn [42], the glycine transporter GLYT2 
[43] or dipeptidase [44].
Nevertheless, N-glycosylation is not a universal apical 
sorting signal. Indeed, it is important to note that some 
proteins are apically sorted independent of the presence 
or absence of N-glycosyl chains. Yeaman et al. [37] have 
shown that for apical targeting of p75NTR, an N- and 
O-glycosylated transmembrane protein, N-glycans are 
not required in MDCK cells. Other examples for N-gly-
can-independent apical targeting are provided by the 
hepatitis B surface antigen (HBAgs) and osteopontin in 
MDCK cells [45, 46], and ecto-nucleotide pyrophospha-
tase/phosphodiesterase NPP3 in Caco-2 cells [47]. An 
intriguing point is that some basolateral proteins are N-
glycosylated, but nevertheless not delivered to the apical 
membrane. This could be explained by the simultaneous 
presence of cytosolic basolateral targeting determinants 
with a high affinity for adaptor complexes that override 
apical sorting determinants in the extracytosolic part of 
the protein [48].
O-linked glycosyl chains may also act as apical target-
ing signal. P75NTR and the hydrolase sucrase isomalt-
ase (SI) are characterized by the presence of heavily 
O-glycosylated stalk domains in close proximity to the 
membrane. Deletion of these domains results in a shift 
in the sorting of these proteins from the apical plasma 
membrane to both surface domains [36, 37]. Moreover, 
the position of O-glycans in the proximal part of the two 
stalk domains is crucial for apical sorting [36, 49]. Fur-
ther evidence comes from the rGH, which is secreted 
from Caco-2 cells in a non-polarized manner. However, 
attaching the O-glycosylated stalk domain of SI to rGH 
results in secretion of this hormone from the apical side 
[50]. In parallel, treatment of cells with GalNAcα-O-ben-
zyl, a competitive inhibitor of galactosyltransferases and 
sialyltransferases, results in the generation of truncated 
O-glycans. Thus, GalNAcα-O-benzyl treatment has been 
shown to inhibit O-glycosylation of dipeptidylpeptidase-
IV (DPPIV), the carcinoembryonic early antigen (CEA) 
and the transmembrane mucin MUC1 in HT-29 cells [51, 
52] and of SI and DPPIV in Caco-2 or MDCK cells [35, 
53, 54]. As a consequence, this treatment results in traf-
ficking defects of apical polypeptides, notably by disturb-
ing the association with lipid rafts [35, 52, 53, 55, 56].
Although those findings highlight an involvement of N- 
or O-glycosylation in accurate apical delivery, the under-

lying mechanisms by which glycosylation could control 
apical trafficking are not known. Current studies tend to 
define which part of the glycan chain is involved in apical 
targeting. Weiss and coworkers [57] propose that terminal 
oligosaccharides constitute apical determinants of endo-
lyn. On the other hand, Vagin et al. [58] postulate that api-
cal sorting signals are located in the core region of glycan 
chains. According to their model, the function of terminal 
oligosaccharides is the stabilization of glycoproteins at 
the apical plasma membrane. Now, it remains to be de-
termined whether glycan motifs are directly involved in 
apical targeting, or whether they contribute indirectly to 
apical protein sorting. This could be performed by the 
stabilization of polypeptides thereby allowing access to a 
hidden apical sorting signal, or by fixation of a competent 
conformation for apical sorting. Alternatively, glycosyl-
ation could have an impact on the lateral mobility of a 
protein in the membrane. This could result in the incorpo-
ration into membrane microdomains, which are delivered 
into apical carrier vesicles [40, 48, 59].
Apical sorting signals that mediate the incorporation into 
membrane microdomains have also been identified in the 
transmembrane domains of proteins. Deletion mutants 
of influenza virus neuraminidase (NA) and chimeric 
constructs containing different domains of NA and the 
transferrin receptor TfR demonstrated that the NA trans-
membrane domain can act as a determinant for apical 
sorting and transport in MDCK cells [60]. This has also 
been found for the transmembrane domain of HA [61, 
62]. Subsequently, Nayak and coworkers [63] reported 
that several distinct regions of the NA transmembrane 
domain are involved in apical delivery. Moreover, the 
apical sorting signal of NA is independent from its raft-
association signal, although both motifs are present in the 
transmembrane domain. In addition to the primary amino 
acid sequence of the transmembrane domain, its length 
also seems to be important for raft association and lipid-
based sorting [64, 65]. Schuck and Simons [66] propose 
that the length of the transmembrane domain of a protein 
determines the affinity for membrane microdomains, and 
furthermore for apical delivery.
In addition, apical sorting signals of different nature 
have been located in the cytosolic tails of rhodopsin [67], 
megalin [68, 69] and receptor guanylyl cyclases [70]. The 
C terminus of rhodopsin provides a functional link to the 
cytoskeleton since it interacts directly with Tctex-1, a dy-
nein light chain that mediates apical transport of this eye 
pigment in epithelial cells [71].
There is still a significant number of apical proteins with 
unknown apical sorting information [45, 46, 72–75], and 
therefore other signal variants hidden in primary, second-
ary, tertiary or quaternary protein structures may also 
play a role in apical protein delivery.
Apart from those ‘structural’ apical sorting signals, ‘func-
tional’ signals for apical transport have been recently re-
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ported. In addition to lipid raft association the formation 
of high molecular weight (HMW) complexes would be 
required for GPI-AP tethering in MDCK and FRT cells. 
This GPI-AP oligomerization or association with HMW 
complexes may stabilize protein-raft association and 
could cluster small rafts to constitute a functional sorting 
platform [33, 76, 77].

Lipid rafts as apical sorting platform

An increasing amount of data on apical protein traffick-
ing has highlighted the involvement of membrane mi-
crodomains or lipid rafts for protein sorting and trans-
port to the apical plasma membrane. In 1997, Simons 
and Ikonen [48] postulated that in the TGN apically 
targeted proteins are segregated into these sphingolipid 
(SL)- and cholesterol-enriched transport platforms. The 
concept itself is a classical concept. In 1973, Yu and 
coworkers [78] first showed that a detergent-resistant 
membrane (DRM) fraction, rich in SLs, could be iso-
lated from erythrocytes; they suggested that this frac-
tion may contain lipid microdomains, consisting of SLs 
interacting with each other, and they proposed that those 
interactions could assist lipids in their association with 
detergent-resistant proteins. Moreover, some SLs were 
able to associate and form ‘clusters’ or ‘microdomains’ 
[79], but at that time, these observations had no real 
biological significance.
A heterogeneous lipid distribution in epithelial cells has 
been observed by Simons and van Meer [4]. They found 
a high concentration of sphingomyelin and glycosphin-
golipids in the apical plasma membrane, while the lipid 
composition of the basolateral plasma membrane is en-
riched in phosphatidylcholine and resembles that of non-
polarized cells. Moreover, they proposed that the high 
apical concentration of SLs is a consequence of intracel-
lular lipid sorting in the TGN. Thus, the TGN represents a 
sorting station that forms apical carrier vesicles composed 
of lipid clusters, which might recruit apical proteins [4, 
80]. Soon afterwards, it was shown that HA becomes de-
tergent resistant in non-ionic Triton X-100 (TX-100) in 
the late compartments of the Golgi apparatus [81]. The 
raft concept then emerged from the demonstration that 
the detergent insolubility of GPI-APs was due to their 
association with SL-enriched microdomains [29]. More-
over, this insolubility started after they had reached the 
TGN. Thanks to these studies, membrane microdomains 
have been defined as insoluble material in non-ionic de-
tergent at low temperature, characterized by light buoyant 
density on sucrose gradients and a cholesterol- and SL-
rich lipid composition [29, 82]. Simons and Ikonen [48] 
correlated these observations with the biological func-
tion of membrane microdomains as transport platform 
to the apical membrane. According to this model apical 

proteins are recruited into lipid rafts, thereby excluding 
basolateral proteins.
Almost 10 years have passed since the raft concept for 
apical protein transport was postulated, and the concept 
is still a matter of updates and debates. In vivo, membrane 
microdomains might be small cellular lipid assemblies 
induced by the specific cellular context or signaling. The 
coalescence of these small lipid assemblies then gener-
ates functional larger platforms or lipid rafts [83, 84]. 
Recent experiments employing nuclear magnetic reso-
nance spectroscopy (NMR) and calorimetric measure-
ments have shown that the addition of cold TX-100 to 
artificial lipid mixtures segregates SLs and cholesterol 
from other lipids. As a consequence, the authors conclude 
that DRMs might be formed by detergent-lipid interac-
tion and therefore constitute artificially generated, but not 
pre-existing microdomains [85, 86]. On the other hand, 
lipid analysis in mass spectrometry showed that the lipid 
membrane composition of budding HIV virions is com-
parable to the one of classical DRMs. These experiments, 
performed in the absence of detergent, suggest that rafts 
do exist in vivo [87].
Several lines of evidence indicated that protein associa-
tion with lipid rafts could occur before reaching the TGN 
in the exocytic pathway. GPI-APs are already formed in 
the ER of yeast cells [88] and prion protein (PrPc) as-
sociates with DRMs in the ER of mammalian cells [89]. 
Moreover, raft association is not a strict prerequisite for 
apical protein targeting. Some GPI-APs are found ba-
solaterally in MDCK cells, despite their raft association 
[76, 89] and several apical transmembrane proteins are 
not associated with lipid rafts (Table 1). Further studies 
are required to highlight these additional apical sorting 
mechanisms in epithelial cells.

Table 1. Apical transmembrane proteins associated or not associ-
ated with lipid rafts in epithelial cells. a

Associated with lipid rafts Not associated with lipid rafts

Aminopeptidase A and N [186]

Aquaporin 5 [187] Enteropeptidase [188]

Dipeptidyl peptidase IV [186] gp114 [189]

gp135 [128] H-K-ATPase [190]

Influenza virus hemagglutinin 
[191]

Lactase-phlorizin hydrolase 
[186]

Influenza virus neuraminidase 
[60]

Neurotrophin receptor p75 
[37]

MAL proteolipid [102] Prominin [192]

Megalin [68]

Sucrase-isomaltase [186]

a Raft-association was determined by flotation or pelleting follow-
ing cell lysis in 1% Triton X-100 at 4 °C. Corresponding publica-
tions are indicated.
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Hierarchy of sorting signals

For a long time, basolateral sorting signals have been con-
sidered as being dominant over apical sorting determi-
nants. Indeed, many studies have demonstrated that inac-
tivation of basolateral sorting resulted in protein redirec-
tion and their expression at the apical plasma membrane 
[19, 90–92]. However, this concept was mitigated in the 
last years, since the removal of basolateral determinants 
results in a non-polarized protein delivery [93, 94]. For 
p75NTR, a cytoplasmic basolateral signal is recessive to 
O-glycan-dependent apical sorting signals in MDCK cells 
[37]. Similar observations indicate that apical sorting sig-
nals of endolyn or lactase phlorizine hydrolase (LPH) are 
superior over cytosolic basolateral determinants [42, 57, 
95]. This hierarchy of sorting signals suggests that apical 
and basolateral sorting information competes in a com-
mon compartment along the exocytic route.
One question arises from these observations: why do 
epithelial cells harbor a variety of apical sorting determi-
nants and mechanisms? We could explain this heteroge-
neity by the flexible phenotype of epithelial cells. They 
target proteins to distinct membrane domains based on 
cell type, cell localization and specialization [96, 97]. 
Therefore, the final destination of a membrane protein 
does not mainly depend on the sorting signals themselves, 
but on the underlying sorting and trafficking machinery 
provided by the epithelial cell type. This is related to the 
biological context and physiological functions of an epi-
thelial tissue.

Apical receptors and protein sorting

In analogy to the involvement of adaptor proteins in baso-
lateral protein sorting or the mannose-6 phosphate recep-
tor in lysosomal targeting, apical receptors might identify 
apical sorting signals to ensure apical protein delivery. 
Until now, a variety of potential receptors has been dis-
cussed. The vesicular integral protein (VIP36) has been 
isolated by Simons and coworkers [98] from detergent-
insoluble fractions. This lectin is present in the Golgi ap-
paratus, at the apical plasma membrane and in endosomal 
or vesicular structures, accompanied by a putative role 
in glycoprotein trafficking from the TGN to the plasma 
membrane. Nevertheless, further studies have demon-
strated that VIP36 is in fact involved in early trafficking 
steps, e.g. in trafficking from the ER to the Golgi appa-
ratus, and may not represent an essential sorting factor 
for apical glycoproteins [99, 100]. Another candidate, the 
VIP17/MAL protein is present in lipid microdomains, in-
teracts with GPI-APs and has been shown to be required 
for apical delivery of HA and GPI-APs [101–103].
Recent data have highlighted the involvement of a new 
lectin family for apical trafficking, the galectins. Galec-

tin-4, a 36-kDa protein, is a major component of lipid 
rafts in enterocytes of the pig intestine [104] and HT-29 
cells [56]. This lectin interacts with high affinity with a 
specific variant of glycosphingolipids, the sulfatides with 
long chain-hydroxylated fatty acids, which are specifi-
cally enriched in lipid rafts of HT-29 cells. Depletion of 
galectin-4 by RNA interference impairs raft formation 
and affects apical trafficking [56]. As a consequence, 
these data suggest that the interaction between galectin-
4 and sulfatides plays a role in the organization of lipid 
rafts for efficient apical surface delivery. Very recently, 
we identified galectin-3, a lectin of 29 kDa, in raft-inde-
pendent apical carrier vesicles from MDCK cells [105]. 
Galectin-3 interacts directly with the apical proteins LPH, 
p75NTR and gp114 in a glycan-dependent manner. The 
observation that those apical glycoproteins are mistar-
geted to the basolateral membrane in galectin-3-depleted 
cells suggests a central role to this lectin in the raft-in-
dependent apical sorting machinery. As a consequence, 
galectin-3 could play a role as apical sorting receptor and 
direct non-raft-associated proteins into apical post-Golgi 
carriers. The underlying mechanism could be based on 
the formation of large galectin-3 containing clusters that 
direct apical glycoproteins into newly formed apical ves-
icles (Fig. 1). This would pose the question if clustering 
on the luminal face of a membrane is sufficient or if a 
cross-talk with cytosolic factors is required to drive the 
formation of apical vesicles.
In the past, the TGN has been the presumed sorting site 
for newly synthesized apical and basolateral proteins [80, 
106, 107], and live cell imaging monitored the formation 
and trafficking of apical and basolateral transport carri-
ers [106, 108–111] (Fig. 2). However, these data could 
not exclude the possibility that at least some sorting oc-
curred in an endosomal compartment beyond the TGN. 
Evidence for this comes from recent studies indicating 
that recycling endosomes play a decisive role in the sort-
ing of basolateral proteins [112]. Here, the VSV-G was 
found to enter transferrin-positive recycling endosomes 
in the exocytic pathway within a few minutes after exit 
from the TGN. Interestingly, a newly synthesized variant 
of VSV-G that is sorted to the apical cell surface has also 
been detected in this endocytic compartment. Since recy-
cling endosomes in polarized epithelial cells must be able 
to sort apical from basolateral proteins, returning each to 
its appropriate plasma membrane domain [113], it is very 
attractive to suggest that recycling endosomes are the 
primary site of signal-dependent polarized sorting. How-
ever, lipid rafts as one platform for apical protein sorting 
are present in the TGN, but also in endosomal compart-
ments such as recycling endosomes, late endosomes and 
internal membranes of multivesicular bodies (MVBs) 
[114–116]. In living cells, the separation of two distinct 
apical vesicle populations has been monitored in a com-
partment beyond the TGN [108]. This compartment cre-
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ates vesicles that carry raft-associated SI, SI-associated 
vesicles (SAVs) or non-associated LPH, LPH-associated 
vesicles (LAVs). Both vesicle populations are transported 
to the apical membrane along distinct cytoskeletal tracks 
and harbor characteristic protein components [117]. Here, 
in contrast to the classical view, a major sorting step in di-
rect apical trafficking proceeds in a compartment beyond 
the TGN (Fig. 2). As suggested previously, this might be 
the common endosome [118] or the subapical compart-
ment [119], which is defined as large accumulations of 
short tubules localized just beneath the apical recycling 
endosome.

It has also been suggested that in MDCK cells raft-depen-
dent trafficking of GPI-APs encompasses a transcytotic 
route across the basolateral membrane [120], but new 
data based on biochemical analysis combined with fluo-
rescence microscopy demonstrate that these proteins are 
directly sorted to the apical cell surface [111, 121].
These observations indicate that a number of unsolved 
questions still exist concerning the exact trafficking of 
apical cargo after release from the TGN.

Budding of post-Golgi carriers

Unlike the formation of basolateral vesicles, the budding 
process for apical protein carriers is not well character-
ized. In 1988, Simons and van Meer [4] hypothesized 
that an adaptor or ‘bridge-protein’ binds to raft-associ-
ated ligands and generates a curvature in the vesicular 
membrane. This phenomenon may favor vesicle budding 
[4, 83]. Recent data present novel coat proteins for api-
cal carrier formation. PtdIns(4)P, a product of phosphati-
dylinositol 4-kinase [PI(4)K] activity, is localized in the 
Golgi apparatus and regulates constitutive transport from 
the Golgi complex to the plasma membrane [122]. More-
over, FAPP1 and FAPP2 have been identified as effectors 
of PtdIns (4)P at the TGN level. Hence, they might con-
trol carrier vesicle formation, budding and fission [123]. 
Also Simons and coworkers [124] have shown that FAPP2 
was required for apical carrier formation in MDCK cells. 
Consequently, FAPP proteins could be considered as new 
coat proteins involved in apical carrier formation [125].

Cytoskeletal tracks in apical trafficking

Polarization of epithelial cells is not restricted to the 
separation of two plasma membrane domains, but also 
includes the orientation of cytosolic organelles and the 
cytoskeleton. Highly organized actin microfilaments sta-
bilize microvilli in the apical brush border of epithelial 
cells [126]. These microfilaments are anchored in the 
terminal web, a dense meshwork of F-actin filaments and 
actin binding proteins close to the apical cell pole that is 
fixed at the adherens junctional complex. The integrity 
of actin microfilaments is a prerequisite for an efficient 
delivery of various polypeptides to the apical membrane. 
This has been demonstrated by utilizing the fungal inhibi-
tor cytochalasin D to specifically disrupt the subcellular 
architecture of actin microfilaments [117, 127–129]. The 
necessity of the terminal web in the transport of a vari-
ety of apical proteins is further reflected by the familial 
enteropathy microvillus inclusion disease (MID), which 
is characterized by microvillus atrophy and microvillar 
inclusions on the subcellular level. Here, EM studies re-
veal thin layers of apical F-actin and reduced amounts of 

Figure 1. Two proposed models for non-raft dependent apical sort-
ing in epithelial cells. Both models describe oligomerized galectin-
3 as a lectin-receptor that clusters membrane bound and soluble 
apical glycoproteins. In (a) this cluster formation is sufficient to 
induce membrane curvature, which results in the scission of api-
cal vesicles. (b) Alternatively, transmembrane receptors are co-
clustered by galectin-3 and drive the formation of a vesicle coat. 
This coat bends the membrane to a globular structure and facilitates 
vesicle formation.

a

b
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marker molecules in the apical membrane [130]. How-
ever, not all transport pathways of apical polypeptides 
require an intact F-actin network. In MDCK cells apical 
delivery of endogenous gp80 or exogenously expressed 
LPH is not perturbed by actin-depolarization [117, 131], 
which suggests that actin microfilaments modulate the 
trafficking of a subset of apical carriers. Many studies 
refer to a central role of actin in endocytic trafficking or 
recycling to the apical cell pole. Cytochalasin D treat-
ment of MDCK cells prevented the apical uptake of re-
ceptor bound ferritin or fluid phase markers like Lucifer 
yellow [132] and similar results were observed in Caco-2 
cells [133, 134], in opossum kidney cells [135] and in 
small intestinal tissue [136]. Moreover, basolateral to api-
cal transcytosis and apical recycling were significantly 
inhibited by cytochalasin D [127], thus suggesting that 
postendoycytic apical traffic requires an intact actin cyto-
skeleton. What is the function of these filaments in apical 
transport processes? It is tempting to propose that actin 
stress fibers could function as tracks to direct the motor-

driven movement of transport vesicles or carriers towards 
the endosomal compartment or to the cell membrane.
Likely candidates to catalyze this movement are myosin 
motors. Class I myosins were found on apical Golgi-de-
rived vesicles from intestinal or MDCK cells [117, 137, 
138]. These monomeric, non-processive motors are char-
acterized by a large ATP- and actin-binding head domain 
and a smaller tail domain with calmodulin-binding motifs 
and a positively charged region that facilitates binding to 
phospholipids vesicles [139]. It has been suggested that 
myosin Ia associated with SI in lipid rafts is implicated in 
the retention of this enzyme within the apical brush border 
of enterocytes [140]. A mislocalization of SI and galectin-
4 to the basolateral surface in intestinal epithelia of myo-
sin Ia knockout mice can be explained by the destabiliza-
tion of lipid rafts in the absence of the actin motor [141]. 
However, biochemical and microscopic studies localized 
myosin Ia on tubulo-vesicular structures and indicate that 
this motor is involved in endosomal membrane trafficking 
[117, 142, 143]. The link between the two observations is 

Figure 2. Alternative models for apical protein sorting. Three scenarios for apical protein sorting are represented in this figure. This may 
involve transcytosis across the basolateral membrane (scenario I) or direct trafficking routes (scenarios II and III). A classical view of di-
rect transport to the apical membrane describes the sorting of raft-associated (red membrane) and non-associated material in the TGN into 
apical vesicle populations (II). In the new alternative (III) raft-associated and non-associated cargo is transported jointly to a post Golgi 
compartment [108, 117]. This compartment segregates apical material into distinct vesicle populations (LAVs and SAVs) [117]. ARE, api-
cal recycling endosome; BRE, basolateral recycling endosome; CAV; caveolae; CCP, clathrin-coated pits; PGC, post Golgi compartment; 
TJ, tight junctions.
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that SI associates with lipid rafts already in the TGN, and 
is transported with these lipid platforms to the cell surface. 
An absence of myosin Ia in knockout mice could therefore 
alter the trafficking of SI containing carriers and sort this 
enzyme to the basolateral membrane. Evidence for an im-
pact of myosin Ia on sorting endosomes comes from ex-
ogenous expression of truncated mutants with a dominant 
negative effect on this actin motor in Caco-2 cells [144]. In 
living mouse hepatoma cells, the expression of non-func-
tional myosin Ia impaired the directionality of long-range 
lysosomal movements, thus suggesting a general function 
of this motor in organelle transport [145]. Nevertheless, 
the concrete mechanism of myosin Ia activity on vesicu-
lar or endosomal carriers still remains to be solved. Many 
myosin motors are regulated by phosphorylation and the 
recently identified SAV-associated protein kinase, alpha 
kinase I (ALPK1), is capable of phosphorylating myosin 
Ia in vitro [142]. Moreover, siRNA-mediated depletion of 
this kinase in MDCK cells results in a significant decrease 
in delivery of SI to the apical membrane. The observation 
that ALPK1 knockdown does not result in redirection of 
SI to the basolateral cell surface indicates that this alpha 
kinase plays a role in the apical transport process and not 
in polarized sorting of SI.
Some polypeptides of the annexin family also participate 
in apical transport of raft-associated membrane proteins. 
Annexin-13b has been identified in post-Golgi vesicles 
from MDCK cells and associates with lipid rafts [146, 
147]. This annexin recruits the ubiquitin protein ligase 
Nedd4, which might modulate the dynamics of mem-
brane microdomains [148]. Antibodies directed against 
annexin-13b inhibited the transport of the HA glycopro-
tein from the TGN to the apical plasma membrane [146], 
and a similar effect on apical trafficking of SI could be 
observed after siRNA-mediated depletion of annexin-2 
in MDCK cells [149]. Annexin-2 associates with lipid 
raft containing apical vesicular or tubulo-vesicular car-
rier populations, but is not involved in raft-independent 
apical trafficking [149–151]. Neither the HA glycopro-
tein nor SI are shifted to the basolateral surface following 
annexin-13b or annexin-2 depletion [146, 149]. Hence, 
the two annexins participate in lipid raft-dependent api-
cal transport pathways, while the underlying mechanisms 
of action appear to be diverse. For annexin-2, it is well 
known that it interacts in a heterotetrameric complex with 
a smaller S100A10 subunit with lipid rafts in a choles-
terol-dependent manner [152], and it has been published 
that the S100A10 subunit is also implicated in membrane 
trafficking of a variety of channel proteins [153–155]. 
Based on its binding capacity to lipid rafts and to F-actin 
[151, 156], a suggested role for the annexin-2/S100A10 
complex is to form a link between lipid raft carrying ves-
icles and cytoskeletal microfilaments.
In fact, the microtubular network of polarized epithelial 
cells has a crucial function in surface delivery of mem-

brane proteins. In contrast to the classical organization of 
microtubules in fibroblastic cells, most microtubules of 
epithelial cells are noncentrosomal and align along the 
apico-basal polarity axis of the cell [157, 158]. Moreover, 
MDCK and Caco-2 cells also harbor a horizontal mesh-
work of microtubules with mixed orientations underlying 
the cell apex and at the cell base [157–159]. The perturba-
tion of this microtubular architecture has dramatic effects 
on apical protein transport, as has been demonstrated 
using microtubule-acting drugs [131, 160–163], even 
though the dependence of apical traffic on the integrity of 
microtubules varies for distinct proteins analyzed [164, 
165]. In fact, an involvement of microtubules in apical 
transport has been confirmed by live cell imaging of api-
cal proteins in non-polarized and fully polarized MDCK 
cells [106, 109, 117, 166], which depicts vesicular or tu-
bulo-vesicular structures leaving the TGN along microtu-
bular tracks. Hence, microtubular motors exposed on the 
cytosolic surface of these transport carriers catalyze the 
observed movements.
Evidence for a substantial role of kinesin motors comes 
from studies based on microinjection of anti-kinesin 
antibodies. Here, surface delivery of the apical marker 
p75NTR to the apical membrane was blocked following 
kinesin inhibition [166]. For lipid raft-dependent apical 
transport routes, an involvement of the minus end di-
rected kinesin KIFC3 in surface delivery of influenza HA 
has been demonstrated [167]. This motor interacts with 
annexin 13b in TX-100-insoluble membrane organelles. 
Moreover, a variant of the dynein family is also implicated 
in apical trafficking, since cytoplasmic dynein binds to 
the cytosolic tail of rhodopsin and mediates translocation 
of this exogenously expressed photo-pigment to the apical 
membrane domain of MDCK cells [168]. Interestingly, 
this dynein-dependent apical transport can be modulated 
by the equilibrium between dynein light chain Tctex-1, 
which directly interacts with rhodopsin’s cytosolic tail, 
and its homologue RP3. Altogether, microtubular motors 
so far identified in apical transport move to the minus end 
of microtubules, presumably along microtubules oriented 
from basal to apical along the apico-basal polarity axis.

Docking and fusion of carrier vesicles  
at the plasma membrane

Docking and fusion of carrier vesicles is based on protein 
tethering at the plasma membrane, and results in secre-
tion of the transported material from the cell. The speci-
ficity of this process is ensured by interactions of SNARE 
proteins (soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor), which have been identified 
initially in rat neuronal cells [169]. They can be divided 
into two groups, the vesicle-SNAREs or v-SNAREs, re-
lated to synaptobrevin or vesicle associated membrane 
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protein (VAMP), a protein localized on synaptic vesicles, 
and target-SNAREs or t-SNAREs, related to syntaxin-1 
and synaptosomal-associated protein of 25 kDa (SNAP-
25). V- and t-SNAREs define associated membranes for 
fusion. Nevertheless, they are not sufficient to ensure the 
fusion process itself and require accessory proteins for 
exocytosis [170, 171]. A polarized membrane distribu-
tion of t-SNAREs can be found in several cell types. Syn-
taxin-4 is localized to the basolateral plasma membrane 
of MDCK cells, hepatocytes, pancreatic cells [172–174], 
and syntaxin-3 accumulates at the apical plasma mem-
brane of MDCK cells [174], enterocytes [175] and he-
patocytes [172]; it is also present on zymogen granules, 
which fuse with the apical plasma membrane in pancre-
atic cells [173]. In MDCK cells, this apical localization of 
syntaxin-3 depends on intact microtubules [109]. Over-
expression of syntaxin-3 or injection of anti-syntaxin-3 
antibodies results in an accumulation of transport vesi-
cles beneath the apical membrane and perturbs protein 
integration into the apical membrane [176, 177]. In ad-
dition, two isoforms of the SNARE machinery, SNAP-
23 and α-SNAP, contribute to syntaxin-3-mediated api-
cal fusion events [177]. Recently, Mostov and coworkers 
[178] have shown that syntaxin-3 plays an essential role 
for apical membrane localization of gp80 and p75NTR, 
and so for specificity of membrane fusion at the plasma 
membrane, using chimeric proteins between syntaxin-3 
and syntaxin-4.
In view of the fact that lipid rafts represent one platform for 
apical transport, further studies indicated that syntaxin-3 
and the corresponding v-SNARE Ti-VAMP together with 
SNAP-23 could be also detected in lipid rafts [176]. It 
had been demonstrated before, that Ti-VAMP (VAMP-7) 
is part of a SNARE complex at the apical plasma mem-
brane of Caco-2 cells [179]. The accessibility of SNAREs 
is also regulated. For example, in yeast, Sec1p plays a role 
as t-SNARE ‘protector’ [180]. A similar phenomenon 
has been observed for the homologous variants nSec-1 or 
Munc18 in epithelial cells [181]. Munc18-2 is localized 
in association with syntaxin-3 on the apical plasma mem-
brane of epithelial cells [182]. Furthermore, Munc18-2 
displaced syntaxin-3 from SNAP-23 and overexpression 
of Munc18-2 inhibited apical delivery of HA [183], thus 
suggesting that this factor controls apical vesicle fusion 
in epithelial cells.

Conclusions

The past three decades have witnessed a notable increase 
in our knowledge about signals for apical protein sorting 
and cellular factors that escort and direct them to the api-
cal membrane compartment. This knowledge raises new 
questions about their interplay in protein trafficking, the 
compartments traversed in this intracellular journey and 

how distinct trafficking pathways are coordinated. Based 
on an increase in information about protein transport 
routes, we are now confronted with a remarkable number 
of trafficking connections between distinct intracellular 
compartments and domains of the plasma membrane. 
Therefore, it will be helpful to define main stream routes 
to the apical or the basolateral cell surface of epithelial 
cells and separate them from bypassing ones. The whole 
scenario becomes even more complicated by the observa-
tion that similar mechanisms for cell surface transport are 
used in polarized and non-polarized cells, e.g. fibroblasts 
[184, 185]. As a consequence, key elements of the sorting 
and transport machinery are available in both cell types.
Undoubtedly, it will be complex to solve these unan-
swered questions. We will depend on carefully chosen 
model systems, powerful imaging techniques and highly 
sensitive protein interaction assays to understand the mo-
lecular details underlying apical protein trafficking.
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