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The cystic fibrosis transmembrane conductance regulator
(CFTR), the ABC transporter encoded by the cystic fibrosis
gene, is localized in the apical membrane of epithelial cells
where it functions as a cyclic AMP-regulated chloride channel
and as a regulator of other ion channels and transporters.
Whereas a key role of cAMP-dependent phosphorylation in
CFTR-channel gating has been firmly established, more recent
studies have provided clear evidence for the existence of a
second level of cAMP regulation, i.e. the exocytotic recruitment of CFTR to the plasma membrane and its endocytotic
retrieval. Regulated trafficking of the CFTR Cl channel has
sofar been demonstrated only in a subset of CFTR-expressing
cell types. However, with the introduction of more sensitive
methods to measure CFTR cycling and submembrane localization, it might turn out to be a more general phenomenon that
could contribute importantly to both the regulation of CFTRmediated chloride transport itself and to the regulation of
other transporters and CFTR-modulated cellular functions.
This review aims to summarize the present state of knowledge
regarding polarized and regulated CFTR trafficking and
endosomal recycling in epithelial cells, to discuss present
gaps in our understanding of these processes at the cellular and
molecular level, and to consider its possible implications for
cystic fibrosis.

Introduction

Cystic fibrosis (CF), the most common lethal genetic disease
among Caucasians, is the consequence of mutations in the CF
gene encoding a cAMP-regulated chloride channel designated
cystic fibrosis transmembrane conductance regulator (CFTR)
(Riordan et al., 1989). The CFTR protein is expressed at high
levels in the apical membrane of epithelial cells where it fulfills
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a major role in the vectorial transport of electrolytes and
water. CFTR is also present at much lower levels in the plasma
membrane of several non-epithelial cells including cardiomyocytes (Gadsby et al., 1998), T-lymphocytes (Krauss et al.,
1992), hypothalamic neurons (Weyler et al., 1999) and endothelial cells (Tousson et al., 1998), but its function in those
cell types is still ill-understood. Mislocalization or dysfunctioning of the CFTR-Cl channel results in the characteristic
symptoms of CF including elevated sweat Cl concentration,
pulmonary disease, pancreatic insufficiency, intestinal obstruction and male infertility (Kant et al., 1995). Unlike any other
known ion channel, with the exception of the recently
discovered cholesterol-export protein ABC1 that was characterized first as an anion transporter (Becq et al., 1997),
CFTR belongs to the ATP-binding cassette superfamily of
transporters (class III, sub-family C, member 7; cf. Fig. 1). The
channel is a dimer of two CFTR polypeptides, each composed
of two cytoplasmic nucleotide-binding domains (NBD1 and 2)
involved in ATP binding and hydrolysis, two transmembrane
domains (TMD1 and 2), each consisting of six membranespanning a-helices that contribute to the channel pore, and one
unique cytoplasmic regulatory (R) domain containing multiple
sites for phosphorylation by cAMP- and cGMP-dependent
protein kinases (PKA and the type II isoform of PKG)
(Lohmann et al., 1997) and protein kinase C (PKC) (Gadsby
and Nairn, 1999a). Multi-site phosphorylation of the R domain
triggers cycles of channel opening and closing through ATP
binding and hydrolysis at the two NBDs (Gadsby and Nairn,
1999a).
CFTR not only comprises a metabolically gated Cl pore but
additionally modifies the activity of a multitude of other ion
channels and transporters including epithelial Na channels
(ENaC), outwardly rectifying Cl channels (ORCC), renal K
channels (ROMK) (Schwiebert et al., 1999), Ca2-activated
Cl channels (CaCC) (Wei et al., 1999), Cl /HCO 3 exchangers
(AE2) (Lee et al., 1999), intestinal volume-regulated K
channels (Valverde et al., 1995), ATP-release channels
(Schwiebert, 1999), gap junctional channels (connexin 45)
(Chanson et al., 1999) and Na/H exchangers (NHE3)
(Clarke and Harline, 1996). Remarkably, a reciprocal regula-
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Fig. 1. Map of binding sites for CFTR-associated proteins within the CFTR structure. For explanation, see text.

tion of CFTR expression and CFTR channel open probability
by co-expression of ENaC has also been observed (Ji et al.,
1999). However it should be pointed out that some of these
studies have been carried out solely in heterologous cell
expression systems and that the results still need to be
confirmed in native epithelia under physiologically relevant
conditions. Whether the CFTR crosstalk with other transporters involves direct intramembrane or cytoplasmic proteinprotein interaction; a chain of protein interactions involving
additional regulatory proteins or cytoskeletal elements; or
indirect ways of communication through changes in membrane
potential, pH, autocrinic purinergic signaling or other CFTRaffected cellular functions has not been established firmly for
any of the CFTR-regulated transporters but is presently a field
of active investigation. Importantly, phosphorylation of CFTR
through the cAMP/PKA pathway turned out to be a prerequisite for most (Schwiebert et al., 1999) but not all (Lee
et al., 1999) CFTR interactions with the other transporters.
The cAMP dependency suggests that cAMP-stimulated exocytotic insertion of CFTR from subplasma membrane vesicles
could potentially serve as an additional mechanism to upregulate other transporters such as the ATP release channel
(Schwiebert, 1999) by facilitating their recruitment to the
plasma membrane.
Localization of CFTR to the plasma membrane is essential
for CFTR function; hence mutations that alter the intracellular
CFTR distribution result in CF. The most common CFTR
mutation, deletion of phenylalanine at position 508 (DF508)
occurring in nearly 70% of CF patients and accounting for
90% of all mutant CFTR alleles (Kant et al., 1995) does not

severely impair channel function but causes misfolding and
trapping of CFTR in the endoplasmic reticulum (ER) resulting
in the virtual absence of CFTR at the plasma membrane
(Seibert et al., 1997). Therefore one important therapeutic
strategy in CF is to improve anterograde trafficking of CFTRDF508 through the secretory pathway to the apical plasma
membrane (Riordan, 1999).

Trafficking of CFTR from the ER to the plasma
membrane

Wild-type CFTR is synthesized in the ER and co-translationally undergoes core glycosylation as an initial step in CFTR
processing. Upon completion of the chaperone-assisted folding process, CFTR is exported from the ER in COPII
(coatomer protein)-coated vesicles that bud off from specialized sites called the transitional elements (Schekman and
Orci, 1996). COPII vesicles are composed of coatomer
proteins Sec23p/Sec24p, Sec31p/Sec13p and the Sar1 GTPase
(Kuehn and Schekman, 1997). As the cargo-loaded COPII
vesicles uncoat they can fuse to a structure called the ER/Golgi
intermediate compartment (ERGIC) or the vesiculo-tubular
clusters (VTCs) (Aridor et al., 1995). Within the ERGIC,
cargo proteins are incorporated into anterograde COPI
vesicles for transport to the Golgi and ultimately into the
plasma membrane, or alternatively into retrograde COPI
vesicles for recycling back to the ER (Orci et al., 1997). COPI
vesicles contain seven COPI protein subunits (a-, b-, b'-, d-, e-,
and x-COP) and a GTPase (ARF1) that are distinct from
COPII proteins (Chavrier and Goud, 1999).
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As exemplified by type I integral membrane proteins from
the p24 family that function as cargo receptors and cycle
between the secretory pathway compartments (Fiedler et al.,
1996), the segregation between anterograde and retrograde
traffic could occur in the COPI coated VTCs by selective
binding of COPI subunits to a sorting motif in the cytosolic
domain of a protein. A p24 protein dilysine (KK) retrieval
signal binds to a subcomplex of a-, b'-, and e-COP subunits,
known as COPI ªBº and directs p24 into retrograde COPI
vesicles (Cosson and Letourneur, 1994), whereas a p24 protein
diphenylalanine (FF) sorting motif interacts with a b-, g-, and
x-COPI subunit complex, known as the COPI ªFº and
functions in directing the protein into anterograde vesicles
(Fiedler et al., 1996). A similar diphenylalanine trafficking
signal has been identified recently in the N-terminal cytoplasmic tail of CFTR (F16/F17) and was shown to greatly improve
the efficiency of CFTR transport through the secretory
pathway, apparently through binding to a b-COP complex in
the anterograde COPI-coated vesicles (Olenych and Teem,
1999). Currently none of the 890 CF-causing mutations
reported have been mapped at the F16/F17 position, suggesting that a  80% reduction in the amount of processed CFTR
as observed with the F16A/F17A double mutant is still
insufficient to cause CF disease.

Anterograde transport of CFTR from transGolgi network to the plasma membrane

During CFTR traffic through the Golgi complex, its two Nlinked oligosaccharide chains are converted from high mannose to complex structures prior to its trafficking to the plasma
membrane. The trans-Golgi network is the main sorting station
where proteins are concentrated in coated vesicles and
trafficked to specific organelle membranes (endocytic pathway) or to the plasma membrane (biosynthetic pathway).
Since CFTR is mainly expressed in polarized cells like the
enterocyte and airway epithelial cell, we will focus on the
polarized biosynthetic pathway of CFTR. Selective targeting
of proteins to apical or basolateral domains is achieved by
distinct sorting or retention signals.
Basolateral sorting
Basolateral membrane targeting determinants reside in the
cytoplasmic domains of transmembrane proteins and often
rely on critical tyrosine-dependent or dileucine-dependent
motifs, frequently followed by a cluster of acidic residues
(Matter, 2000). Similar motifs function as clathrin-coated pit
determinants in endosomal or lysosomal targeting by virtue of
their interaction with specific adaptor proteins (Aps), heterotetramers of adaptins that are part of the clathrin vesicle coat
(Bonifacino and DellAngelica, 1999). Adaptor proteins
mediating endocytosis at the plasma membrane (AP-2, consisting of adaptins a, b2, m2, s2) are distinct from adaptins
involved in lysosomal targeting at the trans-Golgi network and
endosomes (AP-1 g, b1, m1A/B, s1 and AP-3 d, b3, m3, s3).
Generally, m subunits interact with tyrosine motifs and b
subunits with dileucine signals (Matter, 2000). Very recently
m1B, a novel isoform of the m1 subunit of AP-1, was found to
rescue basolateral expression of membrane proteins with
tyrosine-based sorting signals in m1B-deficient LLC-PK1
kidney cells and was therefore identified as part of a specific
adaptor complex acting as a sorter for basolateral membrane
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proteins in both endosomes and the trans-Golgi network
(Folsch et al., 1999).
Does basolateral sorting have any relevance for the CFTR
protein? Sofar immunological studies of CFTR localization in
polarized epithelial cells have identified the protein exclusively in the apical membrane and the subapical compartment,
but not in the basolateral membrane (Kartner et al., 1992).
Moreover a recent study of the subcellular distribution of
green fluorescent protein (GFP)-tagged wild-type (WT)
CFTR in MDCK cells and human airway epithelial cells
confirmed that WT-CFTR is expressed exclusively in the
apical membrane (Moyer et al., 1998). However, expressing
the C-terminally truncated green fluorescent protein (GFP)CFTR-S1455X construct shifted the CFTR localization to the
basolateral membrane, suggesting that the deleted 26 amino
acids somehow mask interaction of basolateral targeting
signals in the CFTR deletion mutant and thereby prevent
basolateral localization (Moyer et al., 1999). Potential basolateral targeting motifs in CFTR include a dileucine motif
(residues 1430 ± 1431) and a tyrosine-based motif (residues
1424 ± 1427); the latter motif has been recently identified as a
clathrin-coated pit determinant that is required for the
formation of the AP-2 complex and therefore for CFTR
internalization ((Weixel and Bradbury, 2000); discussed in
more detail later). In light of these studies it would be of
interest to assess whether CFTR-S1455X (but not WT-CFTR)
has acquired the capacity to interact with the AP-1 complex in
cells expressing the novel m1B adaptor subunit (Folsch et al.,
1999).
Apical sorting
Until recently, less was known about the signals that sort or
retain proteins in the apical membrane. Apical targeting has
been attributed to at least three classes of sorting signals
(Rodriguez-Boulan and Gonzalez, 1999): N-linked or Olinked carbohydrates; specific transmembrane domains or
glycosylphosphatidylinositol (GPI) anchors interacting with
sphingolipid- and cholesterol-rich microdomains of the lipid
bilayer known as rafts (Benting et al., 1999); and cytoplasmic
domains interacting with a protein machinery associated with
the cytosolic surface of the trans-Golgi network. In the case of
CFTR the first two signals are most plausibly only of minor
importance. First, inhibitors of N-linked glycosylation did not
impair CFTR-mediated transepithelial Cl currents in T84 and
HT-29 human colonocytes (Morris et al., 1993), and none of
the CF disease-causing mutations have been mapped nearby
or at the fourth-loop asparagines anchoring the N-glycans. In
contrast in the Xenopus oocyte expression model the mutation
of both sites for carbohydrate addition, but not the mutation of
a single site resulted in a marked reduction ( 80%) of the
CFTR current (Howard et al., 1995). Whether this defect is
caused by impaired intracellular trafficking or other changes in
CFTR properties, e.g. a reduced stability in the plasma
membrane, remains to be determined.
Secondly, the signal for GPI attachment to proteins consists
of a short hydrophobic sequence (13 ± 17 residues) and an
appropriate upstream cleavage or attachment site, sequences
that are lacking in CFTR. Moreover endogenous CFTR in
polarized epithelial cells could not be detected in raftenriched, specialized domains of the plasma membrane named
caveolae (Bradbury et al., 1999), arguing against the concept
that CFTR is a raft-associated protein.
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By contrast there is overwhelming evidence from numerous
recent studies, mainly on the basis of yeast two-hybrid screens,
in vitro pulldown assays and GFP- or immuno-fluorescence
localization, that PDZ-binding motifs at the cytoplasmic tail of
many receptors, transporters and ion channels, including
CFTR, play an essential role in their cellular localization and
polarization (Fanning and Anderson, 1999). PDZ domains are
modular 70 ± 90 amino acid domains in proteins that bind to
short peptide sequences (called PDZ-interacting domains)
generally located at the C-termini of target proteins. They were
first identified as conserved sequence elements in the postsynaptic density protein PDS95/SAP90, the Drosophila tumor
suppressor dlg-A, and the tight junction protein ZO-1, which
resulted in the acronym PDZ (PSD95/Dlg/ZO-1). These 80 ±
90 amino acids sequences have now been identified in well
over 75 proteins and are typically expressed in multiple copies
within a single protein. Because different PDZ domains often
possess distinct peptide-binding specificity, a tandem arrangement of several PDZ domains in one protein allows for
multivalent interactions to organize a supramolecular complex. However in addition to their role as central organizers of
proteins in a functional complex at the plasma membrane,
PDZ domains have also been implicated in the polarized
localization of proteins to the apical or basolateral plasma
membrane of epithelial cells (Muth et al., 1998).

Importance of PDZ-containing proteins in
apical sorting and regulation of CFTR

In most proteins the PDZ-interacting domain is located at the
C-terminus and characteristically contains the amino acid
sequence (T/S)XV that is part of an antiparallel b strand which
binds to an elongated surface groove in the PDZ domain
(Fanning and Anderson, 1999). The C-terminal TRL sequence
in CFTR is highly conserved and comprizes a PDZ-interacting
motif that binds to the first PDZ domain of the ezrin-radixinmoesin (ERM)-binding phosphoprotein EBP50 (Short et al.,
1998). This protein is a human homologue of the NHEregulating factor (NHERF) that is bound through its second
PDZ domain to an internal (T/S)XV motif in the rabbit kidney
proximal tubule Na/H exchanger NHE3 (Yun et al., 1997).
NHERF and EBP50 are coupled through their C-terminal
ERM-binding domain to the actin-binding protein ezrin, which
possesses a dual function: anchoring the NHE3-NHERF/
EBP50 complex to the actin cytoskeleton, and conferring
cAMP/PKA sensitivity to NHE3 through its ability to anchor
the regulatory subunit RII of PKA in the vicinity of the
transporter (Lamprecht et al., 1998). A very similar model is
now emerging for the cAMP/PKA regulation of CFTR (Short
et al., 1998) (Fig. 1). Both EBP50 and ezrin segregated with
CFTR in the same subcellular fraction, and GFP-WT-CFTR
and EBP50 co-localized to, and could be co-immunoprecipitated from the apical membrane of MDCK cells (Moyer et al.,
1998). Furthermore, intracellular dialysis of an AKAP (A
kinase anchoring protein)-binding domain peptide (Ht31) or a
peptide resembling the PKA-binding site of ezrin into Calu-3
serous airway epithelial cells (Hug et al., 1999a; Sun et al.,
2000), or the addition of HT-31 to isolated membrane patches
(Huang et al., 2000) blocked the cAMP activation of CFTR
and its cAMP-dependent exocytotic recruitment in intact cells,
as well as the cAMP/PKA-II stimulation of CFTR in the
excised membrane patches, respectively.
The importance of the PDZ-interacting domain of CFTR as
an apical targeting signal was demonstrated recently in MDCK
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type I cells and in human airway epithelial cells by showing
that CFTR with a truncation in the C-terminus (CFTR-DTRL)
had lost its apical localization and was distributed nearly
equally between the apical and basolateral membrane (Moyer
et al., 1999). Such alterations in the polarized distribution of
CFTR are likely to result in a partially defective vectorial Cl
transport and may therefore explain why deletions of the Cterminal region of CFTR including the PDZ-interacting
domain (approximately 10% of all mutations in CFTR) cause
CF disease without altering the cAMP-stimulated Cl permeability of the CFTR channel.
Though EBP50 is a good candidate for acting as an apical
CFTR sorter, at least three other PDZ-domain proteins have
been identified that might fulfill a similar function: The NHE3
kinase A regulatory protein E3KARP, another human homologue of NHERF capable of interacting with both the Cterminus of NHE3 (Yun et al., 1997) and the PDZ-interacting
domain of CFTR (Sun et al., 1999); CAP70, a CFTR-associated protein expressed in the apical region of airway and
intestinal epithelial cells that contains four PDZ domains and,
through specific binding to the C-terminus, is able to potentiate CFTR Cl currents (Wang et al., 1999); and a CFTRassociated ligand protein named CAL that has been identified
and cloned using the C-terminus of CFTR as a bait in yeast
two-hybrid screens (Cheng et al., 1999) (Fig. 1). This 50-kDa
protein contains a single PDZ domain and two coiled-coil
domains. CAL has been found in several cell types including
T84 colonocytes, 16HBE14o airway cells, and MDCK type I
cells and could be specifically co-precipitated with CFTR in
T84 intestinal epithelial cells. Unlike EBP50, CAL has been
localized beneath the apical membrane and is probably
associated with the post-Golgi vesicles or TGN. Consequently
brefeldin A treatment leading to a loss of Golgi structure
resulted in dissociation of CAL from the Golgi and its
redistribution into the cytosol. Therefore CAL is a promising
candidate to be involved in sorting and targeting of CFTR at/
from the trans-Golgi network. It might be postulated, however, that the apically sorted proteins EBP50 or E3KARP
could exchange with CAL upon arrival of CFTR at the apical
membrane. In this view CAL functions as an apical sorter
whereas EBP50 or E3KARP determine the surface location of
CFTR by retention rather than targeting, i.e. by linking CFTR
through ezrin to the cortical actin cytoskeleton. A similar
retention mechanism has recently been postulated to explain
the PDZ-dependent localization of the BGT-1 GABA transporter at the basolateral membrane of MDCK cells (Perego
et al., 1999). EBP50 and E3KARP, in contrast to CAL, may
use their second PDZ domain to recruit other PDZ-interacting
domain proteins like YAP65 (Yes-associated protein 65),
resulting in a highly ordered signaling complex termed the
transducisome (Mohler et al., 1999). YAP65 may function as a
scaffolding protein to target c-Yes nonreceptor tyrosine kinase
to the apical membrane. The function of c-Yes is not yet known
in any detail but it could be involved in CFTR phosphorylation
and fine-regulation of CFTR gating (Jia et al., 1999), or
modulate other transporters in the vicinity of CFTR, e.g.
ENaC (Mohler et al., 1999).

Role of SNARE proteins in CFTR trafficking and
regulation

Vesicular transport of integral membrane proteins from the
TGN to the apical or basolateral surface may also require the
formation of a SNARE complex composed of multiple
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proteins including the N-ethylmaleimide-sensitive ATPase
and fusion protein (NSF), the soluble NSF attachment protein
a-SNAP, small isoprenylated G-proteins of the rab family, and
a vesicle SNAP receptor (t-SNARE) (Hanson et al., 1997).
SNARE proteins are relatively small (15 ± 40 kDa) and
compartment-specific carboxy-terminally anchored integral
membrane proteins with their amino-terminal and central
regions present in the cytoplasm. SNAREs participate in
protein trafficking mediated by coiled-coil domain interactions. Analogous to the established role of the SNARE
complex in regulated exocytosis of synaptic vesicles in nerve
terminals, v-SNAREs may interact with target membrane
SNAP receptors (t-SNAREs) in the apical or basolateral
plasma membrane of epithelial cells and promote vesicle
docking and fusion (Low et al., 1998a). The t-SNARE consists
of two subunits, which are members of the syntaxin and SNAP25 families, respectively (Low et al., 1998b). Syntaxin 3 has
been identified in the apical membrane of airway, intestinal
and kidney epithelial cells (Naren et al., 2000) and, together
with a-SNAP and SNAP-23, has been functionally implicated
in trans-Golgi to apical surface trafficking in MDCK cells
(Low et al., 1998a). Remarkably, functional inhibition of
other components of the SNARE machinery, e.g. the botulinum neurotoxin F-sensitive v-SNARE synaptobrevin/VAMP2, NSF, or Rab, appeared to block basolateral but not apical
trafficking (Ikonen et al., 1995), suggesting that toxin-insensitive epithelial homologues of VAMP and NSF may
exist which, in concert with syntaxin 3 and SNAP, mediate
apical membrane fusion. Whereas the biosynthetic pathway of
CFTR is likely to utilize a similar docking and fusion
mechanism to insert CFTR in the apical membrane, direct
evidence for a role of syntaxin 3 in CFTR trafficking is
presently lacking.
However, a novel and exciting role of another t-SNARE
protein, syntaxin 1A, in CFTR regulation has emerged from a
series of recent studies (Naren et al., 1997). Syntaxin 1A is
abundantly expressed in synaptic membranes but has also been
identified in very low amounts (but still in a 10-fold molar
excess over CFTR) near the apical membrane surface of
human and mouse airway and intestinal epithelial cells and in
physical association with the N-terminal cytoplasmic tail of the
CFTR Cl channel (Naren et al., 2000) and possibly with the g
subunit of ENaC (Saxena et al., 1999) (cf. Fig. 1). As shown by
mutational analysis and co-injection of N-tail peptides, a
cluster of four acidic residues in a well-conserved region of the
N-tail of CFTR (residues 46 to 60) partitions onto one surface
of a putative a-helical domain and acts as a positive regulator
of CFTR activity by virtue of its interaction with the Nterminal portion of the R domain (residues 595 to 740) (Naren
et al., 1999). Binding of the N-terminal tail of CFTR to a
membrane-anchored H3 helical domain of syntaxin 1A (but
not of syntaxin 3) or to wild-type syntaxin 1A (but not to a
cytosolic C-terminal deletion mutant of syntaxin 1A) was
shown to disrupt its interaction with the R domain and to
strongly reduce cAMP-activated CFTR Cl currents in
Xenopus oocytes (Naren et al., 1998). Moreover a natural
mutation within the acidic domain (Asp 58) of CFTR is
associated with mild CF disease (Naren et al., 1999). Conversely, disruption of the syntaxin 1A-CFTR interaction by
infusion of the soluble syntaxin-binding protein Munc-18 or
the syntaxin 1A cytosolic domain, or by treatment with the
botulinum neurotoxin C1 (i.e. a protease that cleaves syntaxin
from the membrane) rescued the CFTR from syntaxin
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inhibition in Xenopus oocytes (Naren et al., 1998) and
augmented cAMP-activated CFTR Cl currents by 2- to 4fold in airway epithelial cells (Naren et al., 2000). Syntaxin
binding is observed also with CFTR mutant proteins (e.g. the
processing mutant DF508; the regulation mutant G551D; the
conduction mutant R117H) and, unlike typical t-SNARE/vSNARE interactions, is specific for the syntaxin 1A isoform:
CFTR is not physically complexed with other epithelial
syntaxins (i.e. syntaxin 2 ± 4; with the possible exception of
syntaxin 8; see later (Thoreau et al., 1999)), and the cytosolic
syntaxin 1A peptide did not augment CFTR Cl currents in
syntaxin 1A-deficient but syntaxin 3-containing mouse fibroblasts (L cells) (Naren et al., 2000). The latter observation also
demonstrates that syntaxin 1A, though being an important
CFTR regulator, is not essential for the trafficking of CFTR
along the biosynthetic pathway. It should be pointed out,
however that these studies could not resolve the issue whether
syntaxin regulates CFTR activity primarily at the level of
channel gating, by affecting its cAMP-dependent plasma
membrane insertion, or by both mechanisms acting in concert.
Sofar, none of these experiments have been carried out in cell
types in which cAMP-regulated trafficking of CFTR is
apparently lacking (e.g. MDCK type I cells (Moyer et al.,
1998)), or under conditions of cAMP-prestimulation and
inhibition of endocytosis to eliminate the CFTR trafficking
component. However the dual localization of syntaxin 1A in
the apical pole and in multiple intracellular compartments
including endosomes of various epithelial cell types (Naren
et al., 2000) strongly supports the concept that syntaxin 1A
plays an additional role in the cAMP-modulated internalization and recycling of CFTR to the apical membrane in
polarized epithelial cells. This process will be discussed more
extensively in the next section.

Endocytosis and recycling of CFTR at the apical
membrane

Endocytic recycling of membrane proteins is an important and
highly regulated process that contributes to the fine tuning of
membrane protein activities due to environmental responses.
Regulated recycling between the plasma membrane and
intracellular compartments has been extensively studied for
a number of membrane proteins including the insulin-sensitive
GLUT4 glucose transporter, the water channel aquaporin
AQP2, renal ion transporters and the EGF receptor and LDL
receptor (see other articles in this issue (Deen et al., 2000; Dunbar
and Caplan, 2000; Markovich, 2000) and (Levkowitz et al.,
1998)). However there is growing evidence from biochemical,
immunocytochemical and functional studies in cultured cells
and native epithelia that CFTR, in a fashion analogous to the
GLUT4 transporter (Pessin et al., 1999), is likewise able to
adjust its density in the cell surface and therefore the Cl
permeability of the plasma membrane by regulated exocytosis and retrieval (see (Bradbury, 1999) for a comprehensive review). The essential elements in this process are a
functional cytoskeleton, protein sorting (clustering) at the
apical membrane, clathrin coat formation, fusion of clathrincoated vesicles to endosomes, and sorting/targeting of the
recycling membrane proteins back to the apical membrane.
We will now consider each step in the CFTR recycling process
in more detail and highlight the underlying molecular mechanisms.
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CFTR endocytosis
Early immunolocalization and surface biotinylation studies in
T84 colonocytes and chinese hamster ovary (CHO) cells stably
transfected with CFTR showed that approximately 50% of the
total pool of mature CFTR in the cell localized at the plasma
membrane and 50% localized intracellularly, suggesting the
existence of a large subapical CFTR pool (Lukacs et al., 1992).
Cell surface CFTR was constitutively internalized within
minutes (5 ± 16% per min) (Lukacs et al., 1997) (Fig. 2). This
internalization rate is very similar to that of the low-density
lipoprotein (LDL) and transferrin receptor, both of which are
internalized through clathrin-coated vesicles. Indeed, functionally active CFTR was identified in purified clathrin-coated
vesicles from colonocytes (Bradbury et al., 1994), and perturbation of clathrin-coated vesicle formation was shown to
inhibit CFTR internalization from the plasma membrane
(Lukacs et al., 1997). Furthermore, stimulation of protein
phosphorylation by PKA or PKC caused a substantial
diminuation of the endosomal CFTR pool by partial inhibition
of CFTR internalization (Lukacs et al., 1997).
Internalization is initiated by formation of an AP-2 clathrin
coat around the budding membrane vesicle, which eventually
pinches off the plasma membrane (Fig. 2). As mentioned
earlier, the tyrosine-based, and dileucine-based targeting
signals in the cytoplasmic tails of integral membrane proteins
initiate internalization by binding to subunits of the endocytic
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adaptor complex, AP-2 (Clague, 1998). Functionally active
CFTR was found in association with a-adaptin (but not with gadaptin), indicating that CFTR is endocytosed via AP-2
clathrin coats (Bradbury et al., 1994). Construction of chimeras consisting of the C-terminal or N-terminal CFTR tail
regions fused to the transferrin receptor (TR) followed by
mutational analysis in chicken embryo fibroblasts revealed
that one specific mutation within the C-terminal CFTR-TR,
Y1424A, reduced the internalization rate by 40% (Prince
et al., 1999). As shown in a very recent study, fusion proteins
containing the C-terminus of CFTR (residues 1404 ± 1480)
bound to AP-2 but not to the Golgi-specific adaptor complex
AP-1. As expected, the C-terminal CFTR mutation Y1424A
significantly reduced the AP-2 association with CFTR, confirming that the tyrosine-based signal is required for the
formation of the AP-2 complex (Weixel and Bradbury, 2000)
(Fig. 1).
Preliminary evidence indicates that CFTR co-localizes with
the microtubule-associated Rab protein Rab5 and that overexpression of WT-CFTR in a CF cell is associated with a
redistribution of Rab5 from the plasma membrane into
discrete areas in the submembrane region (Cloutier and
Guernsey, 1999), in line with the established function of
Rab5 in regulating the homotypic SNARE docking and fusion
of clathrin-coated vesicles to eventually form the early
endosomes (Fig. 2). Recent studies also identified Rab5 as

Fig. 2. Role of AP-2 and Rab proteins in the constitutive endosomal recycling of CFTR. For explanation, see text.
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initiator of recruiting a protein complex to the early endosomal
membrane that is necessary for trafficking of early endosomes
along microtubules (Pfeffer, 1999).
Endosomal recycling of CFTR
The early endosomes are thought to be an important sorting
station of vesicle distribution throughout the cell. From the
early endosomes proteins are targeted to the late endosomes
or recycled back to the plasma membrane. Preventing the
budding of clathrin-coated vesicles from the plasma membrane
for 15 min resulted in a depletion of the CFTR content of early
endosomes, implying that CFTR departs rapidly from this
compartment (Lukacs et al., 1997). Considering its long
metabolic half-life (t1/2  12 ± 16 h) and rapid internalization
rate, it is conceivable that CFTR is routed constitutively to the
plasma membrane by bulk membrane flow, and avoids
targeting to the late endosomes and premature lysosomal
degradation. Accordingly, CFTR has been co-localized by
immunogold electron microscopy with transferrin receptors
and with Rab4, a regulator of membrane traffic from early
endosomes back to the apical membrane, in ductal epithelium
of submandibular glands (Webster et al., 1994). A role for
other components of the endosomal recycling machinery has
not yet been firmly established. However, considering the
presence of a diphenylalanine b-COP-binding site at the Nterminus of CFTR, and the recently recognized role of COPI
proteins in the assembly of endosomal COPI-coated pits
(Matter, 2000) it is conceivable that COPI vesicles are involved
in the recycling of CFTR from endosomes to the plasma
membrane.

Exocytotic insertion of CFTR in the apical
membrane

The early demonstration that CFTR expression confers cAMP
regulation of endocytic and exocytic membrane traffick in
epithelia suggested already that CFTR may itself undergo
cAMP-regulated trafficking (Bradbury et al., 1992). Because
standard immunofluorescence techniques do not have sufficient resolution to distinguish proteins in 100-nm submembrane vesicles from that in the plasma membrane, and highly
specific extracellular loop CFTR antibodies are presently
lacking, new approaches have been developed to monitor
exocytotic insertion of CFTR into the cell surface: the use of
CFTR with epitope sequences in the fourth external loop as a
trafficking reporter (Schultz et al., 1997), and the monitoring
of membrane capacitance (Cm) changes in conjunction with
CFTR-dependent membrane ion conductance (Gm) and
current measurements (ICl) (Takahashi et al., 1996). A parallel
increase in surface area (as reflected by changes in Cm) and
CFTR current was found upon cAMP stimulation in three
different model systems expressing high levels of CFTR:
primary cultures of shark rectal gland (Lehrich et al., 1998),
Xenopus oocytes (Schultz et al., 1997), and Calu-3 cells (Hug
et al., 1999b), a model for CFTR-rich airway submucosal gland
cells. In the latter cell type, the increase in Cm was paralleled by
a simultaneous increase in surface fluorescence of epitopetagged CFTR, consistent with a model of cAMP-induced
exocytotic CFTR insertion. Cyclic AMP-provoked increases in
surface expression of CFTR have also been reported in HeLa
cells (Howard et al., 1996), T84 colonocytes (Tousson et al.,
1996), amphibian kidney A6 cells (Morris et al., 1998), and in
the MDCK type II cell line transfected with epitope-tagged
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CFTR (Howard et al., 1996). The first indication that regulated insertion of CFTR may also be of physiological relevance
was provided in a recent quantitative confocal microscopical
study of immunostained CFTR in rat intestinal high expressor
(CHE) cells (Ameen et al., 1999). This cell type constitutes
only a minor subpopulation (2.5%) of primarily villus enterocytes in rat and human small intestine and possesses very high
levels of CFTR in association with a prominent subapical
vesicular pool of CFTR (Ameen et al., 1995). In vivo infusion
of the cAMP-linked intestinal secretagogue vasoactive intestinal peptide (VIP) in cycloheximide-pretreated rats resulted
in an acute but reversible redistribution of CFTR from the
cytoplasm to the apical surface, indicating that cAMP-activated exocytosis and/or cAMP-inhibited endocytosis of CFTR
is not merely an artefact of cultured cells or heterologous
expression systems (cf. Xenopus oocytes) (Ameen et al., 1999).
Others, however, were unable to document cAMP-provoked changes in Cm or endosomal recycling in CFTRtransfected CHO cells (Hug et al., 1997) (despite firm
evidence for the occurrence of cAMP-inhibition of CFTR
endocytosis in this cell type (Lukacs et al., 1997)) and gall
bladder epithelium (Torres et al., 1996), or failed to demonstrate cAMP-stimulated GFP-CFTR translocation from an
intracellular pool to the apical membrane (and regulated GFPCFTR endocytosis) in polarized MDCK type I cells (Moyer
et al., 1998). Moreover current evidence for cAMP-dependent
CFTR recruitment in T84 colonocytes (Tousson et al., 1996)
and Calu-3 cells (Hug et al., 1999b) is conflicting. There are at
least two plausible explanations for these different results:
regulated trafficking of CFTR, analogous to that of GLUT4 or
aquaporin-2, may require the co-expression of specific components of the CFTR recycling machinery (e.g. SNAREs, rab
proteins, possibly CAL), i.e. it is a cell type-specific function;
alternatively the techniques employed for monitoring regulated CFTR trafficking are not sensitive enough to detect
cAMP-induced CFTR recruitment in cells expressing a low
level of endogenous CFTR or in cells in which only a small
fraction of exogenously expressed CFTR is recruited to the
plasma membrane in a cAMP-dependent manner.

Mechanism by which cAMP regulates CFTR
traffic

Surface expression of CFTR in the Xenopus oocyte is almost
completely cAMP-dependent, a rather unique feature that is
not shared with any other known ion channel or transporter
expressed in this cell model (Peters et al., 1999a). Although the
molecular target of PKA-dependent protein phosphorylation
responsible for cAMP-dependent recruitment of CFTR is not
known with certainty, the CFTR specificity of this process and
the known role of PKA in CFTR channel gating strongly
suggests that phosphorylation of CFTR itself, rather than of
endogenous components of the trafficking machinery, triggers
its trafficking to the cell surface and/or inhibits its endocytosis.
CFTR phosphorylation studies and mutational analysis of
phosphorylation sites have established that PKA-dependent
CFTR channel gating requires the phosphorylation of multiple
serine residues (up to 10) contained in the R domain (Gadsby
and Nairn, 1999b), and that mutant CFTR or CFTR halfmolecules missing the R domain (CFTRDR) are constitutively
active (Csanady et al., 1999). Preliminary studies in Xenopus
oocytes expressing R-domainless CFTR indicate that this
CFTR mutant is present in the plasma membrane and yielded
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a large CFTR Cl current under basal conditions (i.e. in the
absence of cAMP), in line with the concept that the R-domain
is essential for regulated trafficking of CFTR (Peters et al.,
1999b). Clearly additional studies exploiting CFTR phosphorylation mutants (e.g. the 11SA mutant that virtually lacks
PKA-mediated phosphorylation and channel gating; or constitutively active CFTR channels created by substitution of
negatively charged aspartates for serines in the R domain
(Sheppard and Welsh, 1999)) need to be performed to
establish this model.
Currently we can only speculate about the mechanism by
which R-domain phosphorylation may trigger CFTR insertion.
First, one has to consider the possibility that activation of the
CFTR Cl current by itself triggers exocytosis, perhaps by
changing vesicular membrane potential or pH (Lukacs et al.,
1993). However pharmacological modulation of CFTR channel activity by compounds acting distal of cAMP/PKA
phosphorylation (e.g. genistein (French et al., 1997); the Cl
channel inhibitor DPC) did not affect membrane traffic in
Xenopus oocytes (Hug et al., 1999b). An opposite conclusion
was reached in earlier studies of the G551D-CFTR regulation
mutant showing that the strongly reduced Cl channel activity
is accompanied by the loss of cAMP inhibition of CFTR
internalization in T84 colonocytes (Bradbury, 1999). However
it remains possible that the G551D mutation in NBD1 may
have compromised CFTR trafficking independently of the loss
of channel function, implying a need for additional studies
using more specific and effective CFTR channel inhibitors like
a CFTR-neutralizing antibody (Naren et al., 2000). Alternatively, considering the specific binding of the N-terminus of
CFTR to the R domain (Naren et al., 1999), it is plausible that
the phosphorylation of R, by changing its charge and
conformation, may affect its interaction with the N-tail (i.e.
increase the affinity as suggested by in vitro peptide binding
data (Naren et al., 1999)) and therefore weaken the interaction
of CFTR with the H3 helix of syntaxin 1A. According to this
concept binding of syntaxin 1A in the plasma membrane to
unphosphorylated CFTR-loaded vesicles in the subplasma
membrane region might prevent the formation of a SNARE
complex and membrane fusion; PKA-mediated phosphorylation of CFTR would allow the H3 helix of syntaxin 1A to
dissociate from CFTR and to interact with an (unidentified) vSNARE in the vesicles resulting in recruitment of CFTR to the
cell surface (Fig. 3). Following the disassembly of the SNARE
complex, syntaxin 1A might reassociate with CFTR in the
apical membrane and thereby exert a dual action: inhibition of
the CFTR activity, and inhibition of CFTR endocytosis
(Fig. 3). This model is in line with two other recent observations: first, the ability of munc-18 and the cytosolic syntaxin 1A
peptide to augment cAMP-activated CFTR Cl currents in
both Xenopus oocytes and human airway epithelial cells,
presumably through disruption of the syntaxin 1A-CFTR
interaction in the plasma membrane (see above) (Naren et al.,
2000); second the preliminary observation that the internalization rate of a CFTR chimera consisting of the N-tail of
CFTR (residues 2 ± 78) fused to the transmembrane and
extracellular domains of the transferrin receptor and expressed in COS cells was reduced by more than 30% by the coexpression of syntaxin 1A (but not syntaxin 3) (Peter et al.,
1999). On the other hand this model is difficult to reconcile
with the inhibition of cAMP-induced increases in CFTR-Cl
currents and Cm observed upon overexpression of syntaxin 1A
but not of syntaxin 3 in the oocyte model (Peters et al., 1999a).
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However, as discussed by the authors, it is possible that
overexpression of a specific syntaxin isoform disrupts the
pathway in which that isoform normally plays a role in
membrane trafficking events. Examples of such actions include
the inhibition of apical targeting of the immunoglobulin
receptor by exogenous overexpression of syntaxin 3 (Low
et al., 1998a), and the blockade of GLUT-4 trafficking by
syntaxin 1A in pancreatic b cells (Nagamatsu et al., 1996).
Finally, the recent cloning of syntaxin 8 from a two-hybrid
screen using the R domain of CFTR as a bait suggests that
more direct interactions between the R domain and syntaxin
isoforms may occur that may render the formation of the
SNARE complex phosphorylation-dependent (Thoreau et al.,
1999) (Fig. 3). Clearly additional studies are needed to
elucidate the precise role of syntaxin 1A and syntaxin 8 in
regulated CFTR trafficking.

Potential role of PDZ domain proteins in
regulated CFTR trafficking

The role of another class of CFTR-binding partners, the PDZ
domain proteins EBP50, CAP70 and CAL, in cAMP-regulated
CFTR trafficking is ill-defined. Available evidence does not
suggest any direct interactions between the R domain and the
C-tail of CFTR, and there are no consensus sequences for
PKA phosphorylation in the C-tail which potentially could
affect the association of CFTR with EBP50 or CAL. However
EBP50/NHERF (but not E3KARP) is a bona fide PKA
substrate (Zizak et al., 1999), raising the possibility that the
phosphorylation of EBP50 plays a role in CFTR trafficking,
either by preventing endocytosis, or by releasing CFTR from
an intracellular retention compartment (Fig. 3). The tight
association of EBP50 with the AKAP ezrin is not known to be
phosphorylation-dependent and might therefore ensure a
close apposition of PKA II and CFTR in both the plasma
membrane and the retention compartment. In this concept
EBP50 may play a dual role in CFTR trafficking: providing an
apical localization signal in polarized epithelial cells, and, by
switching its phosphorylation status, allowing cAMP and PKA
regulation of CFTR trafficking in a subset of epithelial cells
equipped with the appropriate recycling machinery. Predictions of this hypothetical model, i.e. the loss of cAMPregulated CFTR exo-and endocytosis in EBP50-deficient cells
or in cells transfected with EBP50 phosphorylation mutants,
and a possible overexpression of EBP50 in intestinal CHE cells
or in serous airway epithelial cells, need to be verified
experimentally.

Pathophysiological implications of defects in
regulated CFTR trafficking

The cAMP-regulated membrane insertion of CFTR has been
documented only in a limited number of tissues and cell types,
expressing CFTR endogenously at relatively high levels. In
some of these cell types, e.g. intestinal CHE cells; shark rectal
gland epithelial cells; MDCK type II-like cells in the proximal
tubule and thick ascending limb of the kidney, CFTR
exocytosis may serve primarily as an amplification mechanism
(in addition to cAMP-stimulated CFTR channel gating) to
enhance the Cl and HCO 3 secretory capacity of the epithelial
cells. In other cell types, e.g. Calu-3-like serous epithelial cells
in the submucosal glands of the airways (Shen et al., 1994);
acinar cells in the submandibular gland (McPherson et al.,
1999), this mechanism may additionally assist in the release of
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Fig. 3. Hypothetical model depicting cAMP-regulation of CFTR exoand endocytosis at the apical membrane of epithelial cells. Cyclic AMP
activates a subfraction of PKA type II associated with EBP50 and
CFTR through the AKAP ezrin, resulting in phosphorylation of EBP50
and of the R domain of CFTR. Phosphorylation of R reinforces its
binding to the N-tail and liberates the H3 helix of syntaxin 1A for
binding to a v-SNARE and formation of a trans-SNARE complex.

Following vesicle fusion and recruitment of CFTR to the cell surface,
syntaxin 1A dissociates from the cis-SNARE complex and re-associates
with CFTR in the apical membrane resulting in partial inhibition of
CFTR Cl channel activity and inhibition of CFTR endocytosis.
Dephosphorylation of R and EBP50 triggers endocytotic retrieval and
recycling of CFTR to a subapical compartment.

gland secretory products, e.g. antibiotics or mucins. The
submandibular gland is the clearest example of disturbed
mucin secretion in response to b-adrenergic/cAMP signaling in
CF cells (McPherson et al., 1986); in other mucin-secreting cell
types, e.g. goblet cells in the intestine, secretion is triggered
predominantly by a cAMP-independent purinergic signaling
pathway rendering a direct role of CFTR in this process rather
questionable (Guo et al., 1997).
As suggested almost a decade earlier (Bradbury et al., 1992),
the coordinate regulation of membrane turnover as a result of
cAMP-dependent CFTR exo-and endocytosis may also have
implications for the recruitment and retrieval of other
membrane proteins and in this way modulate additional
cellular functions such as Cl transport through non-CFTR
channels (e.g. ORCC (Schwiebert et al., 1999)) or ATP
secretion (Schwiebert, 1999). However, unambiguous proof
of such a relationship has not yet been attained in any of the
model systems studied.
Because the cAMP-dependent recycling of CFTR requires
the appropriate trafficking of CFTR to the apical membrane,
most classes of CFTR mutations, i.e. those that affect CFTR
protein synthesis, folding, export from the ER to the plasma
membrane, apical sorting or protein stability, are predicted to

result in disturbances of the cellular functions summarized
above. Therefore, this dysfunctioning may contribute significantly to the CF phenotype such as impaired mucociliary
clearance and microbial defense in the lungs or defective
intestinal Cl and HCO 3 secretion. In addition it is plausible
that at least a portion of the class III CFTR regulation mutants
suffering from defective cAMP-dependent channel gating (e.g.
G551D (Bradbury, 1999)) may show additional defects in
cAMP-dependent CFTR recruitment and retrieval. Provided
that a role for syntaxin 1A and EBP50 in this process could be
firmly established, mutations in the R domain or at the Cterminus could possibly exist that solely affect CFTR association with these proteins and result in defective cAMPdependent trafficking of an otherwise normal CFTR channel.
However, because such mutations may only lead to CF defects
in a subset of epithelial cell types and tissues, CF diagnosis in
such patients might be hampered by a lack of symptoms in
tissues probed routinely for diagnosis, e.g. the sweat gland.
Identification of these patients could be of great help in
delineating the physiological importance of cAMP-dependent
CFTR trafficking. Furthermore, in view of future strategies to
increase anterograde trafficking of class II folding CFTR
mutants (e.g. DF508) as a possible therapeutic approach in CF,
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it would be of interest to learn whether these mutants, beside
their virtually normal cAMP-dependent gating characteristics,
also display a normal behaviour with regard to cAMPregulated membrane insertion and retrieval.

Future directions

At this point in time detailed knowledge about the molecular
mechanism underlying polarized and regulated trafficking of
CFTR in epithelial cells and about its (patho)physiological
importance is only beginning to emerge, and many questions
remain to be answered. For example, the operation of cAMPregulated trafficking of CFTR in cells showing a relatively low
CFTR protein expression, such as (non-CHE) intestinal crypt
and villus cells, endothelial cells (Tousson et al., 1998), and
neuroendocrine cells (Weyler et al., 1999), has not yet been
shown unambiguously but may become an important area of
future research. The development of more sensitive and
specific, optical and CFTR tagging methodologies to improve
the visualization of CFTR trafficking and recycling (e.g. the
use of GFP-CFTR in combination with multi-photon fluorescence microscopy), and the use of transgenic knock-in mice
expressing tagged versions of CFTR may greatly facilitate such
studies. Clearly, much has still to be learned about the identity
and function of v- and t-SNAREs in CFTR-expressing
epithelial cells and about the role of CFTR-associated proteins
in regulated trafficking (e.g. EBP50; CAL; CAP70; syntaxin
1A and 8; possibly other candidate proteins that may emerge
from yeast two-hybrid screens or co-immunoprecipitations).
Again, transgenic mouse models such as epithelial-specific
EBP50-, syntaxin 1A-, or CAL-knock-out mice or knock-in
mice for CFTR bearing a specific regulated trafficking
mutation may prove to be very useful in future analysis of
the physiological role of these CFTR partners in native CFTRexpressing tissues. Currently there is also a paucity of
information about the possible role of other, non-cAMP/
PKA-mediated signal transduction mechanisms in regulating
the density of CFTR in the cell surface. Possible candidates
include 1) the cGMP/PKG-II pathway that operates as a major
CFTR phosphorylating and activating mechanism in the
intestine (Lohmann et al., 1997); 2) the protein kinase C
pathway that not only phosphorylates and fine-regulates the
CFTR channel itself but may additionally affect the channel
density through the phosphorylation of cytoskeletal components (Gadsby and Nairn, 1999a); and, 3), the phosphoinositide 3-kinase (PI3kinase) pathway that, through generating
specific inositol lipids recognized by pleckstrin-homology
(PH) domains in other proteins including the protein kinases
PDK1 and PKB (Vanhaesebroeck and Alessi, 2000), plays an
important role in the endocytosis of ion transporters in the
apical membrane of epithelial cells (e.g. the EBP50-associated
Na/H exchanger NHE3 (Janecki et al., 2000)). Finally, a
more extensive knowledge of the endogenously expressed
regulatory proteins involved in cAMP/PKA-dependent CFTR
trafficking in Xenopus oocytes, i.e. homologues of syntaxin 1A
or EBP50, would facilitate the interpretation of results
obtained from studies in this important model system. Considering the potential importance of CFTR exo- and endocytosis in the CFTR regulation of multiple cellular functions
discussed in this review it is anticipated that such studies may
lead to a better understanding of CF pathophysiology and may
assist in improving CF diagnosis and future CF therapy.
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