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Epithelial cells are important for organ development and
function. To this end, they polarize their plasma membrane
into biochemically and physically distinct membrane
domains. The apical membrane faces the luminal site of an
organ and the basolateral domain is in contact with the
basement membrane and neighboring cells. To establish and
maintain this polarity it is important that newly synthesized
and endocytic cargos are correctly sorted according to their
final destinations at either membrane. Sorting takes place at
one of 2 major sorting stations in the cells, the trans-Golgi
network (TGN) and recycling endosomes (REs). Polarized
sorting may involve epithelial cell-specific sorting adaptors
like the AP-1B clathrin adaptor complex. AP-1B facilitates
basolateral sorting from REs. This review will discuss various
aspects of basolateral sorting in epithelial cells with a special
emphasis on AP-1B.

Introduction

The plasma membrane of eukaryotic cells is in constant
exchange with intracellular compartments. During biosynthesis,
transmembrane proteins are inserted into ER membranes. From
the ER cargos may travel into and through the Golgi apparatus
to reach the TGN. Once arrived at the TGN, transmembrane
proteins become segregated and packaged into distinct vesicular
carriers according to their final destinations: the endosomal/lyso-
somal system or the apical and basolateral plasma membrane
domains. Sorting depends on specific sorting signals encoded in
the transmembrane proteins and sorting machineries that recog-
nize these signals. While apical sorting information is often com-
plex and encoded in a protein’s ectodomain, basolateral sorting
signals are typically short peptide motifs that are recognized by
cytosolic adaptor complexes.1,2 Frequently, basolateral sorting
signals resemble lysosomal sorting signals and endocytic motifs
(but see later sections for a more thorough discussion of basolat-
eral sorting signals and cytosolic adaptors).

It should be noted that many transmembrane proteins cycle
between different membrane compartments. For example, man-
nose 6-phosphate receptors (MPRs) collect lysosomal hydrolases
in the Golgi/TGN and deliver them into late endosomes where
the hydrolases are released. After release of the hydrolases, MPRs
recycle back to the TGN (Fig. 1, routes 1, 5, and 6). In addition,
nutrient and signaling receptors localized at the plasma mem-
brane are internalized after binding their ligands and either
routed into lysosomes for degradation or recycled back to the
plasma membrane from early endosomes (EEs) or REs (Fig. 1,
routes 8a, 8b, 9a, 9b, 4a, and 4b).

EEs are typically the first endocytic compartment reached by
internalized transmembrane proteins. Because cargos may be directly
recycled back to the plasma membrane, retrieved to the TGN, deliv-
ered into REs, or send into lysosomes for degradation, EEs are often
referred to as sorting endosomes.3 Notably, polarized epithelial cells
maintain biochemically distinct apical EEs (AEEs) that underlie the
apical membrane and basolateral EEs (BEEs) that are positioned
underneath the basolateral membrane.4,5 That way, internalized car-
gos are sent back to their membrane of origin during rapid recycling
from EEs (i.e. the apical membrane from AEEs and the basolateral
membrane from BEEs, Figure 1, routes 8a and 8b).

Unlike EEs that are positioned in proximity to the plasma mem-
brane, REs are found in the perinuclear region in close proximity to
the TGN. They receive internalized cargos from both AEEs and
BEEs (Fig. 1, routes 9a and 9b). In addition, newly synthesized car-
gos such as VSVG may move from the TGN into REs during bio-
synthetic delivery 6,7 (Fig. 1, route 3). REs contain domains from
which cargo is selected for targeting to the apical membrane and
regions that facilitate sorting of cargos toward the basolateral
membrane 8 (Fig. 1, routes 4a and 4b). These domains may be
referred to as apical REs and common REs, respectively.9 Sorting to
the basolateral membrane from REs often involves AP-1B
(Fig. 1, route 4b). Intriguingly, AP-1B expression in epithelial cells
results in the creation of a specialized basolateral sorting domain as
will be discussed in later sections.

Basolateral Sorting Signals and Their Recognition
by Cytosolic Adaptor Complexes

Basolateral sorting signals are typically small peptide motifs
encoded in the cytoplasmic tail of transmembrane proteins.
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Although non-canonical signals exist, basolateral sorting signals
frequently conform to 2 types of sorting motifs: tyrosine-based
motifs that conform to YxxØ (in which Ø is a bulky hydrophobic
amino acid F, I, L, M, or V) or FxNPxY signals, and dileucine
motifs most often in the form of [DE]xxxL[LI] sequences. These
signals are frequently recognized by heterotetrameric adaptor
protein (AP) complexes AP-1 (g, b1, m1, s1), AP-2 (a, b2, m2,
s2), AP-3 (d, b3, m3, s3), and AP-4 (e, b4, m4, s4).10-12 Each
complex consists of 2 large subunits (g, a, d, e, and b1 ¡ b4), a
medium subunit (m1 – m4), and a small subunit (s1 – s4). AP-
1, AP-3, and AP-4 all localize at the TGN or endosomes to facili-
tate protein sorting within the endosomal system.13 In contrast,
AP-2 localizes at the plasma membrane to facilitate

endocytosis.10 Whereas the scaffold-
ing proteins that facilitate AP-3 and
AP-4 vesicle formation remain elu-
sive, AP-1 and AP-2 complexes inter-
act with clathrin and incorporate
their cargos into clathrin-coated
vesicles.10,13

YxxØ signals are recognized by the
adaptor complex medium subu-
nits.14,15 In contrast, [DE]xxxL[LI]
signals are recognized by the s1/g,
s2/a, and s3/d subunits of AP-1,
AP-2, and AP-3, respectively.16-19

Finally, FxNPxY signals are recog-
nized by co-adaptors dab2, numb and
autosomal recessive hypercholesterol-
emia (ARH) protein.20 Both dab2 and
numb directly interact with the
a subunit of AP-2.20 In contrast,
ARH interacts with the b1 and b2
subunits and thus facilitates incorpo-
ration of proteins with FxNPxY sig-
nals into both AP-1B and AP-2
clathrin-coated vesicles.21,22 So far,
only AP-1 and AP-4 complexes were
found to support trafficking to the
basolateral membrane.23-25 Whereas
the role of AP-4 in basolateral sorting
is less well studied, the role of AP-1
complexes in basolateral sorting is
much clearer. It should be noted that
AP-4 recognizes a specialized YxxØ
motif (Yx[FYL][FL]E) in a binding
site that is non-overlapping with the
canonical YxxØ-binding site in m4.26

Indeed, AP-4 was reported to interact
with the YKFFE signal in the amyloid
precursor protein (APP), and disrup-
tion of this interaction led to a
decrease of APP localization in endo-
somes.26 Interestingly, APP was found
to localize to the basolateral mem-
brane in Madin-Darby Canine Kid-

ney (MDCK) cells,27,28 indicating a putative role for AP-4 in
basolateral sorting of APP (Fig. 1, routes 2 and 8b). Curiously, the
distal targeting determinant of low-density lipoprotein receptor
(LDLR), GYSY, is proceeded by an aspartate residue such that this
signal resembles an AP-4 signal when read in reverse (YSYGD).
Indeed, LDLR was one of the few receptors that have been reported
to interact with and rely to some extent on AP-4 for basolateral
targeting.25

Epithelial cells express 2 distinct AP-1 complexes, the ubiqui-
tously expressed AP-1A and the tissue specific AP-1B.22 Both
complexes share their 2 large g and b1 subunits as well as the
small s1 subunit (s1A, s1B or s1C), but differ in the incorpo-
ration of their respective medium subunits m1A or m1B,23 which

Figure 1. Model illustrating various membrane trafficking routes. This Figure explains basic membrane
trafficking routes. (1) TGN exit mediated by AP-1A. (2) TGN exit mediated by AP-4. (3) TGN exit toward
REs, regulated by Rab13. (4a) Apical sorting from REs. (4b) AP-1B-mediated sorting to the basolateral
membrane. (5) Sorting into late endosomes/lysosomes. (6) Retrieval from late endosomes/lysosomes to
the TGN. (7) Retrieval from BEEs to the TGN. (8a) Apical endocytosis and fast recycling from AEEs. (8b)
Basolateral endocytosis and fast recycling from BEEs. (9a and 9b) Delivery of internalized cargos to REs.
See main text for more details. Note that pathways leading from REs toward the TGN, AEEs, BEEs, and late
endosomes are not shown.
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are responsible for the different functions of AP-1A and AP-1B
in epithelial cells. Although AP-1B can substitute for some of
AP-1A’s functions in mouse embryonic m1A-/- fibroblasts,29

there are many examples that highlight different functionality of
AP-1A and AP-1B in polarized epithelial cells. For example,
basolateral sorting from REs in controlled by AP-1B30-32 (Fig. 1,
route 4b), whereas furin retrieval from EEs to the TGN strictly
depends on AP-1A 33,34 (Fig. 1, route 7). In addition, AP-1A
sorts cargos destined for the basolateral membrane at the TGN24

(Fig. 1, routes 1 and 8b). These functions are in agreement with
reports proposing localization of AP-1A at the TGN and in EEs
and localization of AP-1B in REs,24,30,34 although conflicting
data exist (see later sections for further discussion of localization).
While AP-1B is so far the only AP complex that sorts proteins
from REs to the basolateral membrane, AP-4 may also sort baso-
lateral cargos at the TGN in addition to AP-1A. Because AP-4
and AP-1A sort proteins into the endosomal/lysosomal system it
is conceivable that basolateral sorting at the TGN may involve
traffic through BEEs. From BEEs cargos may cycle by default
through the basolateral membrane (Fig. 1, routes 1 and 2 fol-
lowed by 8b). Indeed, the lysosomal-associated membrane pro-
tein 1 (Lamp1) as well as the cation-dependent mannose 6-
phosphate receptor (CD-MPR) were found exclusively at the
basolateral membrane in polarized epithelial cells albeit in low
amounts.35-37

Although the analysis of cargo trafficking has greatly benefited
from introducing small epitope tags into the proteins of interest,
it should be noted that some common tags contain basolateral
sorting information (Table 1). For example, the c-myc tag con-
tains a bona fide LIxxxD signal that binds to the dileucine bind-
ing pocket of s2,38 while the VSVG tag contains the known
basolateral sorting signal YTDI of the VSVG protein.39 Further-
more, the HA tag contains 3 tyrosine residues that may conform
to a weak YxxØ signal, especially when used as a triple tag. Thus
great care should be used when introducing epitope tags to the
N- and C-termini of proteins to avoid non-physiological interac-
tions of the tagged protein with cytosolic adaptor complexes.

Subcellular Localization of AP-1B: Dependence
on PtdIns(3,4,5)P3 in REs

Although membrane recruitment of AP-1B onto REs is not
yet understood on a structural level, we can make predictions

based on crystallography studies performed with AP-1A and AP-
2 complexes in combination with cell biological studies per-
formed with AP-1B. It is generally assumed that recruitment of
adaptor complexes to membranes is cooperative involving multi-
ple binding events between the adaptor complex, cargo proteins
and either small GTPases of the Arf family or specific lipids. Acti-
vation of AP complexes is believed to involve a conformational
change such that the C-terminus of the m subunit rotates away
from the complex enabling it to bind to sorting signals.40-42

Indeed, recent in depth studies with AP-1A confirmed that cargo
binding was activated by binding of AP-1A to GTP-loaded
Arf1.43 Stable membrane association of AP-1A further depended
on PtdIns(4)P at the TGN,44 and g-adaptin was shown to bind
to PtdIns(4)P.45 In contrast, it is well established that membrane
recruitment of AP-2 strictly depends on PtdIns(4,5)P2, but is
independent of direct binding to Arf family members.46 Struc-
tural studies revealed multiple PtdIns(4,5)P2 binding sites in AP-
2.40 It is suspected that the strong binding to PtdIns(4,5)P2 is
sufficient to selectively and robustly recruit AP-2 to the plasma
membrane.40,42 Importantly, m2 has a PtdIns(4,5)P2-binding
site in its C-terminus that becomes exposed after activation of
the complex and contributes to membrane binding.40,47 This
lipid binding site is not conserved in m1A.

Membrane recruitment of AP-1B seems to rely on both bind-
ing to Arf6 and PtdIns(3,4,5)P3. Cell biological studies showed
that depletion of Arf6 with shRNA selectively inhibited sorting
of AP-1B-dependent cargos to the basolateral membrane.48 Fur-
thermore, basolateral sorting along the AP-1B pathway was
perturbed by the expression of dominant-negative and domi-
nant-active Arf6 mutant proteins Arf6D125N and Arf6Q67L,
respectively. In contrast, Arf1 mutant proteins had no selective
dominant negative effect on AP-1B-dependent sorting. Because
the switch I and switch II domains of Arf1 and Arf6 present
almost identical surfaces in the GTP-loaded forms,49 and because
it was shown that Arf1 binds to the g and b1 subunits of AP-
1A,43 it seems fair to speculate that Arf6 binding may involve
similar surfaces in AP-1B. In addition, AP-1B also depends on a
signature lipid for membrane recruitment. We found that the
presence of PtdIns(3,4,5)P3 in REs is necessary for AP-1B
recruitment. Specific dephosphorylation of PtdIns(3,4,5)P3 to
PtdIns(4,5)P2 by overexpressed PTEN led to a loss of AP-1B in
REs and missorting of AP-1B-dependent cargos to the apical
domain.47 Because membrane recruitment onto REs was also
inhibited when a m1B mutant, m1Bloca, was incorporated into
AP-1B, specific binding of AP-1B to PtdIns(3,4,5)P3 is most
likely mediated through its m1B subunit. To create m1Bloca, resi-
dues R338, N339 and V340 were changed to the corresponding
NSE residues in m1A (Table 2), Interestingly, mutations made
in m1Bloca are located in an area that corresponds to the PtdIns
(4,5)P2-binding area in m2.40,47 Thus, putative lipid binding by
m1B may be analogous to lipid binding by m2. In summary,
membrane recruitment of AP-1B may start with binding to Arf6
followed by lipid and cargo binding leading to stable recruitment
of AP-1B (Fig. 2). Regardless of the exact molecular mechanisms
that lead to AP-1B recruitment, the reliance of AP-1B on PtdIns
(3,4,5)P3 is probably the reason for its selective recruitment to

Table 1. Commonly used small protein tags

c-myc* EQKLISEEDL
HA YPYDVPDYA
V5 GKPIPNPLLGLDST
T7 MASMTGGQQMG
Flag DYKDDDDK
VSVG* YTDIEMNRLGK
HSV QPELAPEDPEDC

*Denotes tags for which direct interaction with APs were shown (c-myc) or
that contain known sorting information (VSVG) as highlighted in red. Other
tyrosine residues are also highlighted in red. See text for details.
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REs. It is assumed that the putative PtdIns(3,4,5)P3 binding by
m1B overrides the PtdIns(4)P binding by g-adaptin. Alterna-
tively, PtdIns(4)P binding by g-adaptin may help recruit AP-1B
onto REs membranes assuming that REs contain PtdIns(4)P in
addition to PtdIns(3,4,5)P3. Therefore, although highly similar,
membrane recruitment of AP-1A and AP-1B is regulated in
slightly different manners.

Although many research papers described differential func-
tions and localizations of AP-1A and AP-1B, a recent publication
challenged that dogma. In that study, mouse m1B or m1A with
triple c-myc or triple HA-tags at their C-termini were stably
expressed in MDCK cells resulting in colocalization of both com-
plexes mostly at the TGN and to a lower degree in REs.50 The
same colocalization was observed between AP-1B and AP-1A
when m1B was tagged at its C-terminus with mCherry and m1A
was tagged with GFP.50 In contrast, colocalization of AP-1B and
AP-1A was not observed with internally tagged constructs.24,30

Perhaps the tagging of m1B at its C-terminus sterically interferes

with its putative binding to PtdIns(3,4,5)P3. In addition, the
negatively charged c-myc tag might repel AP-1B from PtdIns
(3,4,5)P3-positive REs, and furthermore AP-1A and AP-1B
might bind to each other through recognition of sorting signals
in the C-terminal HA and c-myc tags (see Table 1). These sce-
narios might result in displacement of AP-1B from REs and
localization of AP-1B at the TGN. Indeed, AP-1B localization in
that study was observed to be dependent on Arf1,50 which is in
contrast to the functional studies done in MDCK cells that
implicated Arf6 in the AP-1B pathway as discussed above.48

Although the strong colocalization of AP-1A and AP-1B
observed by Guo et al. might be artificial, the question if AP-1B
can localize to the TGN and AP-1A in REs remains valid.
Indeed, in mouse embryonic fibroblasts in the absence of AP-1A,
AP-1B seems to operate and localize at the TGN,34,51 and AP-
1B function at the TGN was suggested in MDCK cells that were
depleted of AP-1A.24 Moreover, AP-1A has been reported to
localize in REs in HeLa cells that do not express AP-1B, but have
some accumulation of PtdIns(3,4,5)P3 in REs nonetheless.47,52

Thus, although AP-1B may have a lesser affinity to the TGN as
opposed to REs and AP-1A may have a higher affinity to the
TGN than REs, they may be able to be recruited to the non-
favorable location if the competing complex is missing.

During recruitment, AP-1B may directly interact with its
cargo proteins containing YxxØ or LL-based sorting signals,
while ARH may select cargos with FxNPxY sorting motifs for
incorporation into nascent AP-1B vesicles. Note that ARH selec-
tively cooperates with AP-1B in REs, but not AP-1A at the
TGN.22 Cargos found associated with isolated AP-1B vesicles
included TfnR and CI-MPR, and LDLR was found cross-linked
to AP-1B in Lilly Laboratories cell porcine kidney (LLC-PK1)
cells that expressed exogenous copies of m1B (D LLC-PK1::m1B
cells).30,34 Vesicle formation is most likely concluded with the
recruitment of clathrin.30,53 Furthermore, members of the target-

ing and fusion machinery such as the v-
SNARE cellubrevin and the exocyst
subunits Sec8 and Exo70 are included
into AP-1B vesicles.30,54 Transport of
AP-1B vesicles to the basolateral mem-
brane may at least partially depend on
myosin VI,55 and correct fusion at the
basolateral membrane depends on the
exocyst complex and the t-SNARE syn-
taxin 4.54,56 Notably, syntaxin 4 itself
depends on AP-1B expression for baso-
lateral targeting.57 The putative factors
involved in AP-1B vesicle formation are
illustrated in Figure 3.

Fusion at the basolateral membrane
may be regulated by RalA. In depth
structural analysis showed that GTP-
loaded RalA bound to the exocyst sub-
unit Sec5.58,59 The binding surface for
Sec5 on RalA was further shown to par-
tially overlap with the RalA binding site
for the exocyst subunit Exo84.

Table 2. Alignment of “loca” region in m1 genes from various species (corre-
sponding to residues 333 – 346 in m1B)

m1 homolog “loca” sequence Net charge

m1A H. sapiens KWVPENSEIVWSIK 0
m1B H. sapiens KYVPERNVVIWSIK C2
m1A D. rerio KWVPENSEIVWSIK 0
m1B D. rerio KYVPEKNLVVWSIK C2
m1C D. rerio KWVPEKSAVEWNIK C1
Unc-101 C. elegans KYTPEQSAFVWTIK C1
Apm-1 C. elegans KYVPELNAIVWSIR C1
m1 D. melanogaster KYAPEQNAIIWTIK C1
APM1 S. cerevisiae KYVPEKSAILWKIR C3

Basic residues are shown in blue, acidic residues are shown in red, and
underlined residues correspond to those that were mutated in m1Bloca.

Figure 2. Model for Membrane recruitment of AP-1B. This figure represents a schematic drawing of
the putative membrane recruitment of AP-1B indicating the rotation of the m1B subunit upon mem-
brane recruitment. Note that the C-terminus of m subunits is organized in subdomains A and B as illus-
trated in the membrane-bound form. Whereas subdomain A binds to YxxØ sorting signals and thus
cargo proteins, subdomain B probably binds to PtdIns(3,4,5)P3. Finally, Arf6 most likely binds to both g

and b1 adaptin. Abbreviations PI(3,4,5)P3, PtdIns(3,4,5)P3
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Moreover, Sec5 and Exo84 competi-
tively bound to RalA suggesting that
RalA might regulate the assembly of the
exocyst complex and therefore basolat-
eral secretion.60-62 Indeed, depletion of
RalA in Caco2 cells resulted in apical
missorting of an AP-1B-dependent
cargo, the epidermal growth factor
receptor EGFR.61,63

Regulation of AP-1B Function
and The Creation of An AP-

1B-Positive Domain in REs

We identified PtdIns(3,4,5)P3 as a
signature lipid of REs in AP-1B-
expressing epithelial cells.47 Depletion
of m1B in MDCK cells resulted in a
loss of PtdIns(3,4,5)P3 in REs, and
expression of m1B in LLC-PK1 cells
led to PtdIns(3,4,5)P3 accumulation in
REs.47 These data indicated that AP-1B
triggers the accumulation of PtdIns
(3,4,5)P3. Although the mechanisms
are not understood as yet, the interac-
tion between AP-1B and the PtdIns(4)
P 5-kinase PtdInsPKIg-90 may be
involved in generating the PtdIns
(3,4,5)P3 precursor PtdIns(4,5)P2 from
PtdIns(4)P.64 PtdIns(4)P may be deliv-
ered to REs with vesicles originating at
the TGN.7 Notably, Arf6 also recruits
and activates PtdInsPKIg-90 providing
additional hints that PtdInsPKIg-90
may play a role in PtdIns(3,4,5)P3 for-
mation in REs.46 Indeed, overexpres-
sion of mutant Arf6 in MDCK cells led
to a mild albeit significant reduction in
PtdIns(3,4,5)P3 levels in REs.48 Phos-
phorylation at the 3 positions might
then be performed by PtdIns 3-kinases perhaps recruited by
active Cdc42.65 Cdc42 is known to control basolateral sorting of
AP-1B cargos VSVG and LDLR.66-68 In addition, Cdc42 con-
trols basolateral sorting of an AP-1B-independent cargo, the b
subunit of the Na/K-ATPase gp58.23,67-69 However, basolateral
secretion of soluble proteins or the delivery of proteins to the api-
cal membrane is not controlled by Cdc42.68 It was suggested
that mutant forms of Cdc42 might inhibit the exit of basolateral
proteins from the TGN while stimulating the exit of apically tar-
geted proteins.70 Thus, Cdc42 may control polarized secretion
through multiple mechanisms and its putative involvement in
PtdIns(3,4,5)P3 formation may be only one aspect. Regardless,
because AP-1B depends on PtdIns(3,4,5)P3 for membrane
recruitment, the fact that AP-1B triggers the formation of this
lipid most likely establishes a positive feedback loop. This

positive feedback loop probably also includes activation of Arf6
through GEFs such as Grp1 that bind to PtdIns(3,4,5)P3-posi-
tive membranes.71,72

The creation of a PtdIns(3,4,5)P3-positive AP-1B domain in
REs changes their biochemical properties. This is probably part
of the reason why some proteins that are otherwise known for
their role in endocytosis, are now found to colocalize with AP-1B
and to control its function. Prime examples for this are Arf6 and
ARH that colocalize with AP-1B in REs.22,48 It is suspected that
both Arf6 and ARH specifically cooperate with AP-1B because
they are not found at the TGN and thus unavailable for coopera-
tion with AP-1A. In addition to Arf6 and ARH, we know of at
least 2 other factors that specifically cooperate with AP-1B
namely PtdInsPKIg-90 and the exocyst complex (Fig. 3).
PtdInsPKIg-90 was shown to bind to AP-1B but not AP-1A in

Figure 3. Model for the AP-1B domain in REs. This is a schematic depiction of the AP-1B domain in a RE
leading to the generation of AP-1B vesicles that are targeted to the basolateral membrane. Proteins
depicted are AP-1B, clathrin, Arf6, PIPKIg-90, ARH, exocyst subunits, cellubrevin and cargo proteins.
Note, that cellubrevin, exocyst subunits, and clathrin are confirmed components of AP-1B vesicles.30,54

For simplicity reasons, the early secretory pathway including the Golgi apparatus, AEEs, BEEs, and other
endocytic organelles as well as endocytic trafficking are not depicted. Abbreviation: PIP3, PtdIns(3,4,5)P3.
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MDCK cells.64 This interaction was necessary for basolateral tar-
geting of E-cadherin.64 Moreover, the exocyst is recruited onto
REs only when AP-1B is expressed, but not in its absence,30 and
future work is needed to determine why that is the case.

Many small GTPases of the Rab family have been described to
regulate the AP-1B pathway at various steps. Among these are the
RE-localized Rab8 and Rab10,66,73 and the TGN and RE local-
ized Rab13.74 Rab13 was shown to affect all cargos that traffic
from the TGN into REs during biosynthetic delivery to the api-
cal and basolateral plasma membrane.74 Thus Rab13 functions
in cargo delivery to REs. In contrast, Rab8 and Rab10 may nega-
tively control AP-1B function. We showed that the dominant
negative allele of Rab8, Rab8T22N, had no effect on basolateral
sorting.66 However, the activated mutant Rab8Q67L led to dra-
matic missorting of the AP-1B cargos VSVG and LDLR along
the biosynthetic pathway.66 However, endocytic recycling of
TfnR was not affected by Rab8Q67L expression.75 Notably,
expression of Rab8Q67L in LLC-PK1::m1B cells led to a dis-
persal of AP-1 staining in the perinuclear region that was not
observed in the control LLC-PK1::m1A cells.66 Like the results
with Rab8T22N, knock out of both Rab8a and Rab8b in mice
as well as depletion of Rab8 in MDCK cells had no discernable
effect on basolateral sorting.73,76,77 Thus, Rab8 activity is not
needed for basolateral sorting by AP-1B, whereas hyperactivation
of Rab8 leads to apical missorting of AP-1B cargos. Therefore,
Rab8 seems to negatively regulate AP-1B. The same may be true
for Rab10. Whereas Rab10Q68L overexpression led to apical
missorting of VSVG, Rab10T23N had no discernible effect on
VSVG trafficking.73 Furthermore, Rab10 depletion in MDCK
cells hardly affected basolateral trafficking of VSVG; however,
simultaneous depletion of Rab8 and Rab10 together had a syner-
gistic effect leading to mild missorting of VSVG to the apical
membrane.73 Interestingly, the Arf6 GAPs ACAP-1 and ACAP-
2 are both effectors of Rab10 and possibly Rab8,78 suggesting
that perhaps activated Rab8 and Rab10 may lead to inactivation
of Arf6 and thus impairment of the AP-1B pathway. However,
more work is needed to validate this putative scenario.

Expression Pattern of AP-1B

AP-1B expression was mainly found in columnar epithelial
cells. Examples of tissues with AP-1B expression include but
are not limited to the placenta, kidney, lung, colon, stomach,
ovaries, testes, and various glands.79 Thus it appears that AP-
1B is an adaptor complex expressed in cells and tissues that
depend on polarized membrane trafficking. However, there
are notable exceptions. For example, although neurons in the
brain and hepatocytes in the liver are highly polarized cells,
they lack AP-1B expression.79 Furthermore, AP-1B expression
is absent in columnar retinal pigment epithelial (RPE) and
LLC-PK1 cell lines.79,80 LLC-PK1 cells most likely derived
from the proximal kidney tubules that naturally lack AP-1B
expression.81 Nevertheless, mainly expressed in polarized tis-
sues, AP-1B seems to help with establishing or maintaining
cell polarity. Indeed, LLC-PK1 cells pile up on each other

when grown in 2D culture.23 Interestingly, exogenous expres-
sion of AP-1B restored monolayer growth in addition to
basolateral sorting from recycling endosomes.23 Importantly,
histological studies suggested that more than 80% of kidney
cancers arise from the proximal kidney tubules,82-84 and AP-
1B expression is down regulated in mouse models for colon
cancer.85 Furthermore, AP-1B was also found to be reduced
in the colon of Crohn’s disease patients,86 and m1B knock
out mice suffer from proliferation defects and hyperplasia in
their intestine.87 These observations highlight the importance
of AP-1B in epithelial cell maintenance.

AP-1B is expressed in vertebrate species, but absent in inverte-
brates. Whereas flies express only one m1 chain, worms express 2
different m1 chains (unc-101 and apm-1); however, both lack
clear homology to m1B.88,89 Thus, though invertebrate models
are invaluable for many applications, they cannot serve as models
for AP-1B function. In addition, another favorite model organ-
ism, zebrafish, expresses 3 m1 chains, and although zebrafish
m1A and m1B have clear homologies to m1A and m1B of higher
vertebrates, their expression profile differs.90,91 For example,
whereas m1B expression is missing in the liver of mice, zebrafish
expresses m1B in its liver. Furthermore, unlike in mice, m1A is
not ubiquitously expressed in zebrafish and missing in its pan-
creas, liver, and kidneys.91 This fact together with the expression
of the unique m1C makes zebrafish a less ideal model organism
to study m1B function.

Interestingly, comparison of the localization patch in human
m1A and m1B and invertebrate m1s reveals an intriguing observa-
tion: Both m1 isoforms in C. elegans and the one m1 variant in
Drosophila have a net charge of C1, placing them in between
m1A (net charge 0) and m1B (net charge C2, Table 2). Because
changing the net charge in m1B from C2 to 0 in the m1Bloca

mutant resulted in displacement of the corresponding AP-1Bloca

complex from REs,47 it is assumed that the positive net charge
confers the ability to bind to PtdIns(3,4,5)P3 in REs. Does this
mean invertebrate m1s with a net charge of C1 may function at
the TGN and in REs, perhaps making the need for an AP-1B
complex obsolete? Indeed, Drosophila AP-1 has been shown to
localize and function at both TGN and REs.92 Moreover, AP-1
is essential for the generation of secretory granules in Drosoph-
ila,93 and basolateral targeting of DISCS large depends on AP-1
expression in Drosophila salivary glands.94 Thus, AP-1 in Dro-
sophila seems to be important for the basolateral localization of a
subset of proteins reminiscent of AP-1A and AP-1B function in
mammalian cells.92,94 Of interest, whereas zebrafish m1A and
m1B are well conserved especially with regard to the net charge
of the loca patch, zebrafish m1C’s net charge is C1 like the inver-
tebrate m1. Thus zebrafish m1C may localize to both TGN and
REs as well.

Importantly, because PtdIns(3,4,5)P3 accumulation in REs as
described above is dependent on AP-1B expression, it is assumed
that REs in invertebrates may not accumulate PtdIns(3,4,5)P3,
just like fibroblasts or epithelial cells lacking AP-1B.47 Thus, the
AP-1B domain in REs may be specific to vertebrate epithelial
cells and not translatable as such into invertebrate systems.
Indeed, REs in C. elegans seem to be enriched in PtdIns(4,5)P2
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and not PtdIns(3,4,5)P3,
78 perhaps correlating with the net

charge of the lipid binding patch in their m1s.

Future Questions

Since its discovery in 1999, AP-1B has proven itself as an
important player in epithelial cell polarity. Although its role in
basolateral sorting is undisputed and well documented, we are
only beginning to understand how AP-1B is recruited onto REs
and how vesicle formation is regulated. Some of the players coop-
erating with AP-1B such as clathrin, Arf6, ARH, cellubrevin, the
exocyst complex subunits Sec8 and Exo70, and PtdInsPKIg-90
are already known, but other factors probably remain to be dis-
covered. It will be interesting to learn how the interacting

proteins cooperate with AP-1B in space and time. This should
lead to a detailed mechanism of AP-1B function and thus deeper
understanding of how the absence of AP-1B or its deregulation
may contribute to diseases such as metastatic cancer and Crohn’s
disease.
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