Cell. Mol. Life Sci. (2017) 74:39-55
DOI 10.1007/s00018-016-2387-7

Cellular and Molecular Life Sciences

MULTI-AUTHOR REVIEW

@ CrossMark

From the endoplasmic reticulum to the plasma membrane:
mechanisms of CFTR folding and trafficking

Carlos M. Farinha' - Sara Canato’

Received: 27 September 2016/ Accepted: 28 September 2016/ Published online: 3 October 2016

© Springer International Publishing 2016

Abstract CFTR biogenesis starts with its co-translational
insertion into the membrane of endoplasmic reticulum and
folding of the cytosolic domains, towards the acquisition of
a fully folded compact native structure. Efficiency of this
process is assessed by the ER quality control system that
allows the exit of folded proteins but targets unfolded/
misfolded CFTR to degradation. If allowed to leave the
ER, CFTR is modified at the Golgi and reaches the post-
Golgi compartments to be delivered to the plasma mem-
brane where it functions as a cAMP- and phosphorylation-
regulated chloride/bicarbonate channel. CFTR residence at
the membrane is a balance of membrane delivery, endo-
cytosis, and recycling. Several adaptors, motor, and
scaffold proteins contribute to the regulation of CFTR
stability and are involved in continuously assessing its
structure through peripheral quality control systems. Reg-
ulation of CFTR biogenesis and traffic (and its
dysregulation by mutations, such as the most common
F508del) determine its overall activity and thus contribute
to the fine modulation of chloride secretion and hydration
of epithelial surfaces. This review covers old and recent
knowledge on CFTR folding and trafficking from its syn-
thesis to the regulation of its stability at the plasma
membrane and highlights how several of these steps can be
modulated to promote the rescue of mutant CFTR.
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Abbreviations
ABC ATP-binding cassette

ATF6 Activating transcription factor 6

ATP Adenosine triphosphate

CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance
regulator

CHIP Carboxy-terminal of Hsp70 interacting protein

CK2 Casein kinase 2

Cl™ Chloride

CNX Calnexin

COP Coat protein

Csp Cysteine string proteins

Dab2 Disabled-2

ECL Extracellular loop

EPAC Exchange protein directly activated by cAMP

ER Endoplasmic reticulum

ERES ER exit sites

ERQC Endoplasmic reticulum quality control
GI Glucosidase 1

GII Glucosidase II

GERAD Glycoprotein ER-associated degradation
GRASP  Golgi reassembly stacking protein
HCO;~  Bicarbonate

IRE-1a  Inositol-requiring enzyme 1o

LMTK?2 Lemur tyrosine kinase 2

MSD Membrane-spanning domain

NBD Nucleotide-binding domain

NHERF Na'/H™'-exchanger regulatory factor
PERK Protein kinase R-like ER kinase
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PM Plasma membrane

PQC Peripheral quality control
QC Quality control

RD Regulatory domain

SRP Signal recognition particle

SUMO  Small ubiquitin-like modifiers
SYK Spleen tyrosine kinase

TfR Transferrin receptor

TGF-B  Transforming growth factor beta
TGN Trans-Golgi network

™ Transmembrane

UGGT  UDP-glycoprotein glucosyltransferase
UPR Unfolded protein response

VIP Vasoactive intestinal peptide

wt Wild type

Introduction

Cystic fibrosis (CF) is the most common autosomal
recessive lethal disorder in the Caucasian population and
results from mutations in the cystic fibrosis transmembrane
conductance Regulator (CFTR) gene [1]. This gene
encodes the CFTR protein that functions as a cAMP-reg-
ulated chloride (CI7) channel at the apical surface of
epithelial cells. CFTR, or ABCC7, as it is designated for
being a member of the ATP-binding cassette (ABC)
transporter superfamily, is composed of five domains: two
membrane-spanning domains (MSD1 and MSD?2), each
one composed of six transmembrane segments (TM1-6 and
TM7-TM12), that form the pore of the channel allowing
Cl™ (and also bicarbonate HCO3;") to flow across the
membrane and two cytosolic nucleotide binding domains
(NBD1 and NBD2), where adenosine triphosphate (ATP) is
hydrolysed, regulating channel gating—plus a fifth CFTR-
exclusive regulatory domain (RD) that contains multiple
phosphorylation sites, also relevant for channel activity [2]
(Fig. 1).

Since CFTR is a complex protein with multiple
domains, its processing and trafficking are highly regu-
lated allowing the correct delivery of newly synthesized
proteins to the plasma membrane (PM). CFTR biogenesis
starts with co-translational folding of the nascent
polypeptide as it is translocated, inserted in the endo-
plasmic reticulum (ER) membrane, and
glycosylated. After proper folding, CFTR travels from the
ER to the Golgi apparatus, where the glycan moieties are
processed, and finally, mature CFTR is carried in vesicles
from the trans-Golgi network (TGN) to the PM [3]. At the
PM, CFTR levels result from a balance between mem-
brane delivery (anterograde trafficking), endocytosis, and
recycling [4].

core-
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To date, more than 2000 mutations have been reported
in the CFTR gene and ultimately lead to CFTR channel
dysfunction resulting in a wide spectrum of clinical man-
ifestations in CF patients [5]. The F508del mutation, a
deletion of phenylalanine 508 in NBDI, is the most com-
mon cause of CF, occurring in approximately 85 % of CF
patients in at least one allele, and leads to CFTR misfolding
and ER retention. As a result, the mutant protein is pre-
maturely degraded, thus precluding its delivery to the cell
surface [3]. This occurs as the misfolded protein is recog-
nized by the ER quality control (ERQC) machinery—that
monitors proper protein folding and domain assembly to
prevent the accumulation of abnormal and non-functional
proteins that would greatly impair the secretory pathway.
Proteins that fail to fold properly are retained, retro-
translocated, and ultimately degraded [4, 6, 7]. Many
studies have focused on CFTR folding and trafficking to
the PM, as well as on the intervening quality control
mechanisms so as to find targets that can modulate and
improve the efficacy of mutant CFTR rescue.

This review covers the most relevant knowledge about
CFTR biogenesis, folding, and trafficking from its place of
synthesis to its place of function. We also address the
impact of the F508del mutation in these events and sum-
marize the current approaches to promote its rescue.

CFTR biogenesis and folding in the endoplasmic
reticulum

CFTR membrane insertion and domain assembly

Folding of CFTR is achieved through co- and post-trans-
lational mechanisms [8] (Fig. 2) that cooperate as early as
the synthesis of MSD1, the first domain to be translated [9].
The early studies on the topogenesis of TM1 and TM2
segments from MSDI1 proposed that the TMI1 segment
contains a signal sequence important for defining CFTR
topology and folding at the ER membrane. Once the TM1
segment emerges from the ribosome, the signal sequence is
recognized by the signal recognition particle (SRP), pro-
moting the insertion of C-terminal flanking sequences into
the ER membrane through the Sec61 translocon to estab-
lish the C-trans orientation of the protein [10]. Then, the
TM2 segment emerges and the CFTR topology at the ER
membrane is defined by a co-translational mechanism.
However, the signal sequence found in TM1 appears to be
inefficient in promoting the ribosome-mediated transloca-
tion of CFTR. This is due to the presence of two charged
residues, Glu®? and Lys”, in the otherwise hydrophobic
core of TMI1. An additional and complementary signal
sequence is thereby present in TM2 [8]. An alternative
mechanism for CFTR ER insertion was then proposed,



From the endoplasmic reticulum to the plasma membrane: Mechanisms of CFTR folding and... 41

MSD1

MSD2

Fig. 1 CFTR protein structure. a CFTR protein is composed of five
domains—two membrane-spanning domains (MSD1 and MSD?2),
each one composed of six transmembrane segments (TM1-6 and
7-12) forming the channel pore, two cytosolic nucleotide binding
domains (NBD1 and NBD2), and a regulatory domain (RD). b Five
domains pack together with a swap structure involving transmem-
brane segments from the two MSDs and close contacts of intracellular

A wt-cFTR

Co-translational
folding

ER lumen

Cytoplasm

Co-translational
folding

B F508del-cFTR

Fig. 2 Model for the co- and post-translational folding of CFTR.
a When nascent wt-CFTR emerges from the ribosome, the signal(s) in
the TM segments are recognized by the signal recognition particle
(SRP) anchoring the nascent protein to the translocon. The domains
are inserted in the ER membrane and translocated or remain in the

whereby TM1 segments which fail to bind SRP emerge
directly into the cytosol, eventually leading to the TM2
signal sequence being recognized by the SRP and initiating
the translocation of its own N-terminal flanking sequence,
thereby establishing a N-trans orientation of CFTR at the
ER membrane [8]. Consequently, the TM1 segment will

loops with sequences within the NBDs. ¢ Such intramolecular
interactions lead to a compact structure of the native protein, such as
the one depicted in this structural model for CFTR (figure prepared
using the open source program PyMOL distributed by Schrédinger
(https://www.pymol.org/) and the PDB coordinates for CFTR repor-
ted by [16])

Post-translational
folding

Post-translational
folding

cytosol as CFTR is translated. Post-translational interactions involv-
ing the intracellular loops are essential for a proper protein
conformation. b F508del (represented in red) impairs CFTR folding
and domain—domain interactions, leading to its ER retention and
degradation Adapted from [8, 134]

achieve a proper membrane-spanning topology at the ER
membrane by a post-translational mechanism mediated by
the peptide loop between TM1 and 2—extracellular loop 1
(ECL1). Thus, the integration of TM1 and TM2 segments
at the ER membrane occurs mainly when both are already
present [8]. TM3 and TM4 also seem to function together
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when inserting into the translocon, probably because the
TM3 segment of MSD1 also contains an inefficient signal
sequence. This suggests a mechanism similar to TM1, in
which TM3 arises from the ribosome directly to the cytosol
and the peptide loop created between TM3-4 (ECL2) leads
its post-translational insertion at the ER membrane. Sub-
sequently, TMS5 arises from the ribosome, creating a
peptide loop with TM6 (ECL3) before insertion into the ER
membrane [11]. The fact that both ECL2 and ECL3 are
very short results in this segment pair being a single
topogenic determinant when inserting into the membrane,
in what appears to be a common characteristic of many
membrane proteins [12]. Additional studies demonstrated
that several TM segments of the MSD1-2 domains of
CFTR (TM3-7 and TM9-11) can also be inserted inde-
pendently into the ER membrane [13].

This post-translational folding of at least some of the
TM pairs was observed by in vitro translation approaches
coupled to limited proteolysis that evidenced that CFTR
folding is almost completed during its synthesis and the
most pronounced post-translational conformational change
is observed mainly for the MSDs [14]. These post-trans-
lational changes are responsible for the complex domain
swap structure in which the transmembrane segments are
organized around the channel pore in two subgroups that
are formed by TM1-2, 9-12 and by TM3-6, 7-8.

Both NBD1 and RD domains were found to emerge and
fold in the cytosol by a co-translational mechanism [14].
NBDI1 folding progresses through folding of the individual
subdomains: first, the N-terminal ATP binding, followed
the alpha-helical, and, then, the alpha/beta-core subdo-
mains [15]. After NBD1 and RD domains emerge into the
cytosol, MSD2 is inserted into the ER membrane. Correct
insertion of TMS8 in the ER membrane is dependent on
TM7, with the process relying on physical interaction
through ECL4 [10, 11]. TM8 terminates the translocation
of the ECL4 loop into the ER lumen and prevents the
insertion of intracellular loop 4 (ICL4), acting as a stop
transfer sequence. TM7 and TM8 apparently work in a
cooperative manner. For the TM9-10 and TM11-12 seg-
ments of MSD2 domain, the mechanism is similar to that
observed for TM3—4 and 5-6 in MSDI1 [11, 13]. Taken
together, the six pairs of transmembrane segments seem to
work together as topogenic signals, with TMI1-2 and
TM7-8 exhibiting more complex integration patterns,
whereas TM3-4, 5-6, 9-10, and 11-12 insert as helical
hairpins, probably due to the presence of very short ECLs.
Finally, for NBD2, the last domain to be translated, evi-
dence supports the idea that its folding is mainly co-
translational [14].

Although some steps of the CFTR folding remain
unclear, the available data support an idea that each CFTR
domain folds independently and CFTR achieves its native
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conformation primarily through a co-translational mecha-
nism followed and/or complemented by a post-translational
process for the acquisition of compactly folded domains.
These processes require domain—domain interactions that
begin in the early steps of CFTR folding to achieve a
proper conformation. Domain—domain interactions are thus
critical for the acquisition of the native conformation and
these involve specific interaction of NBD1 with MSD2
through ICL4 and NBD2 with MSD1 through ICL2 [16].
Interestingly, when expressed alone or even through vari-
ous incomplete combinations, CFTR domains are
recognized in vivo as non-native. This suggests that
interdomain interactions are critical to achieve the full
native state by a cooperative mechanism. This hypothesis is
supported by the observation that CF-causing mutations
residing in one domain lead to conformational defects in
other domains [17], namely MSD mutations affecting NBD
folding and NBD mutations affecting the acquisition of a
compact MSD structure [18].

Impact of F508del mutation on CFTR structure
and folding

The most common CF-causing mutation, F508del, results
in a conformational defect in CFTR [19]. Although located
in NBD1, studies with the isolated domain revealed little or
no structural changes apart from the surface topography
close to the F508 position [20, 21].

Nonetheless, several reports have identified an intrinsic
NBDI1 folding problem, initially reported as a delayed
folding kinetics of F508del-NBD1 when compared with
wt-NBD1 [22], and later confirmed by the observation that
some amino-acid changes within NBD1 can not only
contribute to the solubilization of the purified domain, but
also to the rescue of full-length F508del-CFTR to the PM
[23] and increased binding affinity of F508del-NBDI to
Hsp70 [24].

The overall defect has also been attributed to interfer-
ences with domain—domain interactions, leading to
impaired CFTR folding [16, 25] and enhanced protein
degradation rate [26]. The contacts between NBD1 and
ICL4 appear to be compromised by the absence of F508del.
These interdomain contacts were reported to be corrected
by suppressor mutations that reverse the F508del defect by
restoring the NBDI1-ICL4 interface [25]. Revertant
R1070W was shown to substantially improve CFTR mat-
uration [25, 27, 28], and the bulky side chain of the
tryptophan residue suggested to fill in the space left empty
by the absence of F508 at the NBDI-ICL4 interface
[16, 27, 28]. Similarly, V510D also restores this contact by
promoting the formation of a salt bridge between the
aspartate residue at position 510 and R1070 [29]. The
second site mutation G550E was also shown to restore
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F508del-CFTR function. This mutation lies in the LSGGQ
motif of NBD1, suggesting that this change promotes ATP
binding, in turn, leading to NBD1 stabilization [30] and to
the intramolecular dimerization of NBD1 and NBD2 [28],
which is critical not only for the compactness of CFTR but
also for its gating mechanism.

ERQC folding checkpoints

CFTR folding is tightly regulated to allow correct insertion
of the protein in the ER membrane and proper maturation.
Thus, mutant proteins which fail to achieve a native con-
formation are retained in the ER. This retention is
promoted by the ER quality control (ERQC) machinery,
which recognizes non-native proteins and directs them for
degradation via the ubiquitin—proteasome pathway
[6, 7, 28].

The ERQC machinery is comprised of cytosolic and ER
chaperones and lectins that interact with immature CFTR,
assisting its folding and assembly. Although it is not
completely understood how the ERQC distinguishes a
native protein conformation from a misfolded one, for
CFTR, at least four checkpoints are known to be involved
(Fig. 3) [4, 7, 30].

The first CFTR checkpoint occurs as nascent polypep-
tide chains emerge from the ribosome and interact the
cytosolic chaperone Hsp70 and its co-chaperones of the
Hsp40 family [31, 32]. Hsc70 and its co-chaperone Hdj-2
are involved in the early steps of wt-CFTR biogenesis,
facilitating its folding process [32]. Therefore, Hsp70 and
Hdj-1 co-expression stabilizes wt-CFTR. However, over-
expressing this chaperone pair does not contribute to the
escape of F508del-CFTR from the ER [31], probably due
to a strong recognition of the folding defect, which has
been extensively reported in terms of increased binding
both in vivo [33] and in vitro [24]. This checkpoint seems
to be very early in CFTR biogenesis, thus accounting for
most of the retention of F508del-CFTR [7]. The chaperone
system Hsp90 was also reported to regulate CFTR folding,
although at a later stage of its biogenesis [34]. Interest-
ingly, the Hsp90 co-chaperone Ahal has a stronger
interaction with F508del-CFTR than with wt-CFTR and its
downregulation rescues the mutant’s traffic and function,
suggesting that this chaperone/co-chaperone complex has a
crucial role in trapping F508del-CFTR at the ER based on
its folding state [35, 36]. FKP8, an additional Hsp90 co-
chaperone with peptidylprolyl isomerase activity, also
assists CFTR folding.

Altogether, the Hsp70/40/90 chaperone systems appear
to form a chaperone trap [37] responsible, at least par-
tially, for the partitioning of mutant CFTR between the
folding and degradative pathways. In fact, when CFTR is
retained for too long in this trap [38], pro-degradative co-

chaperones are thought to replace productive ones thus
targeting CFTR to degradation. The E3 ubiquitin ligase
CHIP (Carboxy-Terminal of Hsp70 Interacting Protein)
has been proposed to have a key role in this process by
working together with the E2 enzyme UbcHS5 [39, 40]. In
addition, a complex formed by RMA1 and RNF5 asso-
ciates with Derlin-1 and the E2 ligase Ubc6e to
ubiquitinate CFTR [41], an event that is followed by
recruitment of other partners, such as Gp78, BAP31, and
p97, that deliver ubiquitinated CFTR to the proteasome
[42, 43]. Bag-1, another co-chaperone of Hsp70, was
shown to have a twofold role on F508del-CFTR stabi-
lization: on one side contributing to the release of the
mutant protein from the Hsp70 machinery [39] and on the
other competing with ubiquitin for binding to F508del-
CFTR, thus preventing its proteasomal proteolysis [44].
J-domain proteins—the family of co-chaperones that
potentiate Hsp70 ATPase activity and to which Hsp40
belongs—also have a role in this pro-degradation path-
way, as reported for cysteine string proteins (Csp).
Overexpression of Csp blocks CFTR maturation, sug-
gesting a role in regulating CFTR release from the Hsp70
machinery [45].

The second CFTR checkpoint involves the close
association between folding and N-glycosylation in the
ER. As it occurs for secretory pathway proteins, nas-
cent CFTR  undergoes co-translational ~ core
glycosylation, which consists in the addition of a
14-unit oligosaccharide by ER membrane-resident
oligosaccharyltransferase: two N-acetylglucosamine,
nine mannose, and three glucose residues. These glycan
moieties decorate residues Asn®** and Asngoo, both
lying within glycosylation consensus sequences (Asn-
X-Ser/Thr) in ECL4 [9, 13].

This core oligosaccharide is processed in the ER, ini-
tially with the removal of the first two glucose units by
glucosidase I (GI). This modification results in a
monoglucosylated structure that is recognized by the
chaperone lectins calnexin (CNX) and calreticulin, which
assist CFTR folding. Upon removal of the last glucose
residue by glucosidase II (GII), affinity for CNX decreases.
If folding is unproductive, the protein becomes a target of
UDP-glycoprotein glucosyltransferase (UGGT), which
promotes its re-glucosylation. Hereupon, a new round of
chaperone binding, de-glucosylation, and folding assess-
ment begins [46]. When retained for too long in this cycle,
unfolded CFTR may became a substrate for mannosidase
activity elicited by EDEM proteins, creating a Man8B-
determinant that is a signal for glycoprotein ER-associated
degradation (GERAD) [7].

CNX binds both wt-CFTR and F508del-CFTR, the
latter with increased affinity [7, 47, 48]. This interaction is
not essential for CFTR trafficking through the ER, since
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Golgi Misfolded F508del-CFTR is
trapped in the 1t checkpoint
and targeted for degradation

Cytoplasm
% ER mer‘nbrane‘

\ - ER lumen

4t checkpoint
Diacidic code

3rd checkpoint
Arginine-framed
tripeptides

=

Some unfolded wt-CFTR is
targeted for degradation

Fig. 3 ERQC machinery regulating CFTR folding and trafficking.
Schematic model of ERQC checkpoints for CFTR. When the nascent
polypeptide emerges from the ribosome, it interacts with chaperones/
co-chaperones that assist its folding (first checkpoint). Then, the
immature protein is glycosylated and interacts with the calnexin/cal-
reticulin system (second checkpoint). CFTR retention in the ER is
modulated through the exposure of retention/retrieval motifs (AFTs)

unglycosylated wt-CFTR, which cannot bind to calnexin,
still progresses from the ER to the plasma membrane in a
functional state [7, 48]. However, it was reported that
upon compromising the CFTR-calnexin interaction, wt-
CFTR processing is decreased, while F508del-CFTR is
not affected. In contrast, when this interaction is forced
(by calnexin overexpression), immature wt-CFTR is sta-
bilized [7]. Thus, N-glycosylation and calnexin appear to
have a relevant role in the ERQC of CFTR, being
important for the folding of immature wt-CFTR. Most
F508del-CFTR appears to be excluded from this cal-
nexin/calreticulin  checkpoint, being directed to
degradation in the earlier Hsp70-dependent checkpoint.
As GII removes the third glucose residue, folded CFTR
dissociates from calnexin/calreticulin and traffics out of
the ER to achieve a complex glycosylation pattern in the
Golgi apparatus [7, 9].
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Hsp70 (& other chaperones)
machinery

2nd checkpoint
Calnexin Cycle

that form a third checkpoint at the ER exit sites. As CFTR achieves a
correct folding, these AFTs are internalized and export motifs mediate
its inclusion into COPII vesicles (fourth checkpoint). Misfolded
F508del-CFTR is retained in the ER being trapped at the first
checkpoint (dependent on the Hsp70 machinery) and subsequently
degraded at the proteasome Adapted from [4, 7]

ERQC trafficking checkpoints

Assessment of CFTR folding is coupled to its export from
the ER to the Golgi—a step at which the trafficking
machinery recognizes specific export/retention signals in
the protein. One such process is mediated by arginine-
framed tripeptides (AFTs) that mediate CFTR retention by
the ER machinery [49] and constitute the third CFTR
ERQC checkpoint. AFTs are transient retention/retrieval
motifs with the consensus arginine/any amino-acid/argi-
nine (Arg/X/Arg—RXR) [49]. CFTR possesses four such
motifs, distributed across the N-terminal tail (Argzg‘
GlnArg?h), NBD1 (Arg’'°TyrArg”'® and
Arg™?AlaArg®™), and RD (Arg’**ArgArg’®®). F508del-
CFIR fails to exit the ER due to the exposure of such
motifs [50]. In fact, it was reported that simultaneous
mutation of all four AFTs in F508del-CFTR by the
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substitution of arginine by lysine at positions 29, 516, 555,
and 766 (that is F508del-R29K-R516K-R555K-R766K-
CFTR, or simply F508del-4RK-CFTR) rescues F508del-
CFTR processing by promoting its escape from the ERQC
[50]. This rescue does not correspond to a folding correc-
tion but rather to overcoming specific traffic factors that
may be involved in the retention [28, 30].

A fourth checkpoint is in place when CFTR is packaged
into coat protein (COP) Il-coated vesicles at ER exit sites.
This process relies on a specific export motif, the di-acidic
exit code (Asp°®>AlaAsp ®’—DAD) located in NBD1. This
sequence is required for Sec24-mediated packing into the
vesicles. Previously, it was shown that alanine substitution
of the second Asp residue in DAD does not affect CFTR
folding, but it reduces its association with Sec24, and exit
from the ER [51, 52]. However, simultaneous mutation of
both Asp residues totally abrogates CFTR processing [28].

After successfully overcoming all four checkpoints,
CFTR is packed into the aforementioned COPII vesicles en
route to the Golgi apparatus, a process that involves gen-
eral traffic machinery proteins, such as Sarl GTPase and
the heterodimeric Sec23-24 and Sec13-31 complexes [53].

Cellular response to misfolded F508del-CFTR
protein in the ER

Unfolded or misfolded proteins in the ER are either refolded
or degraded through ERAD. When ER folding capacity is
exceeded, such proteins accumulate disturbing the cellular
proteostasis and generating ER stress. In this case, cellular
mechanisms are activated to attenuate translation, decrease
the protein load, enhance the ERQC machinery, facilitate
folding, and increase degradation. Altogether, these mech-
anisms are termed unfolded protein response (UPR), which
influences cell fate to restore ER homeostasis under stress.
The classic UPR consists of three signalling pathways ini-
tiated by the stress sensor proteins inositol-requiring enzyme
la (IRE-1a), eukaryotic translation initiation factor 2-o
kinase 3 (PERK), and activating transcription factor 6
(ATF6) [54].

There is still some controversy about whether or not the
UPR is induced in CF, because the rapid degradation of the
mutant protein does not lead to a significant ER accumu-
lation. Some studies have even reported inefficient
activation of UPR response in CF [54, 55]. The active form
of XBP-1 (XBP-1s) was found to be over-expressed in
other studies, suggesting that the classic UPR IRE-la
signalling pathway is activated in CF primary cells and CF
system models [54, 55]. This signalling activates ER stress
responsive genes, regulates ER biogenesis, facilitating the
entry of nascent polypeptides into the ER as well as protein
folding and assembly [56]. The activation of PERK-elF2o
signalling occurs through the phosphorylation of PERK

and eIlF2a which were reported to be important in blocking
mRNA translation and entry of nascent polypeptides into
the ER. In CF, decreased phosphorylation of both proteins
has been reported, suggesting once again a defect in the
activation of this UPR branch [54, 55]. However, an
increased association of BiP with ATF6 was reported in
cells expressing F508del-CFTR [57].

Interestingly, it was shown that endogenous CFTR mRNA
levels but also protein processing efficiency are decreased
when the UPR is activated. This inhibition of CFTR expres-
sion is the main cause for a reduction of cAMP-activated
chloride secretion, a direct outcome of CFTR function [58],
and may partially account for the overall reduction of mutant
F508del-CFTR expression that has been reported in different
models and patient-derived materials [59, 60].

From the ER to the PM: the Golgi and alternative
routes

After exiting the ER, CFTR is transported through the Golgi.
Proteins that follow the secretory pathway are packed into
COPII vesicles at ER exit sites (ERES). As CFTR is trans-
ported in COPI vesicles from the early cis-Golgi to the medial
and then trans-Golgi cisternae (a process dependent on small
GTPase Arfl), the ER-characteristic high-mannose oligosac-
charide structures (linked at Asn®** and Asn®®—see above)
are modified rendering the protein resistant to the activity of
endoglycosidase H (a biochemical tool commonly used to
assess traffic of CFTR and other glycoproteins) and leading to
the acquisition of a complex structure that includes removal
of glycan units and addition of new ones, including the ones
characteristic of trans Golgi, such as fucose, neuraminic acid,
or sialic acid. Overall, these changes increase the apparent
molecular weight of CFTR, producing the characteristic
mature form (post-Golgi), known as band C, which is never
detected in ER-retained variants, such as F508del-CFTR [61].

Besides this so-called conventional trafficking, an
increasing number of secretory pathway proteins have been
described to deviate from this traffic “dogma” [62], by
either exiting the ER using COPII-independent mecha-
nisms or bypassing the Golgi. CFTR is, in fact, an example
of such alternative processes. Initial reports using quanti-
tative immunoelectron microscopy documented very low
levels of wt-CFTR in the Golgi region due to a limiting
step in recruitment at ERES [63] and raising the hypothesis
of a novel mode of anterograde (and also retrograde)
trafficking between the ER and the Golgi. This was later
confirmed by the description that, in some cell types, CFTR
follows a distinct pathway that is independent of typical
Golgi trafficking adaptors, such as Arfl, Rabla/Rab2, or
syntaxin 5 (a Golgi SNARE), but dependent on the late-
endosomal target-SNARE syntaxin 13 [53]. These
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observations suggest a route from the ER to the plasma
membrane, with a possible recycling back to the Golgi, as
evidenced by the acquisition of the complex oligosaccha-
ride structure.

More recent studies have also identified a role for Golgi
reassembly stacking proteins (GRASPs) in mediating
unconventional CFTR trafficking. This route allows the
delivery of core-glycosylated (ER-characteristic) wt- and
rescued F508del-CFTR to the PM [64] and requires
monomerization and ER relocalization of GRASPs allow-
ing them to access ER-localized CFTR [65].

Although very little is known about this Golgi bypass of
CFTR, it may involve a peri-centriolar intermediate com-
partment where CFTR can accumulate upon blockage of
the secretory pathway but from where it can be rapidly
delivered to the PM upon release of blockage [62].

CFTR in post-Golgi compartments
CFTR levels at the plasma membrane (PM) (Fig. 4)

result from a balance of three distinct processes:
anterograde trafficking (as CFTR is delivered from the
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Fig. 4 Peripheral quality control regulating CFTR stability at the
PM. Schematic representation of the processes that monitor CFTR
internalization from PM. Several protein partners regulate CFTR
endocytosis, recycling, and membrane anchoring. This includes
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trans-Golgi network to the PM), endocytosis, and recy-
cling. Whereas anterograde trafficking of CFTR has not
been reported as extensively regulated (although some
reports describe a role for PKA in promoting CFTR
insertion in the PM [66]), both endocytosis and recycling
are finely tuned to control the amount of the protein that
is at the PM.

CFTR is endocytosed in clathrin-coated vesicles [66]
and accumulates in the early endosomes [67, 68]. After
this, about 50 % of internalized wt-CFTR is rapidly recy-
cled back to the PM, whereas the remainder accumulates in
a distinct recycling compartment, from where it still goes
back to the PM although at a slower rate [68, 69]. Using a
confocal microscopy-based internalization assay, it was
shown that 15-20 % of CFTR present at the post-Golgi and
PM compartments resides in the recycling pool at steady
state [70]. Recycling of internalized CFTR to the PM has
been considered to be the main mechanism for sustaining a
functional pool of CFTR at the membrane (when compared
with CFTR delivery to the PM), albeit some evidence
suggest that up to 50 % of surface CFTR in airway
epithelial cells exist in an immobile pool, tethered to fila-
mentous actin (F-actin) [4, 71].
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adaptors proteins (Dab2, AP-2), PDZ domain-containing and inter-
acting proteins (Ezrin, EPAC1, and NHERF1), the cytoskeleton, and
motor proteins (myosins) that altogether have a crucial role in
regulating CFTR PM levels
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CFTR endocytosis and recycling: sorting motifs
and interacting proteins

The endocytic and recycling pathways for CFTR, as well as
its stability at the membrane, are regulated by a variety of
different protein interactors, with a particular role being
played by Rab family small GTPases, PDZ domain-con-
taining proteins and myosins, and also by the presence of
specific trafficking motifs in CFTR structure/sequence.

The incorporation of CFTR into clathrin-coated vesicles
is dependent on the interaction of CFTR sequence motifs
(mainly at the C-terminal tail) with endocytic adaptor
proteins. These short sequence motifs (usually four to
seven residues long) which are termed endocytic signals
occur in the cytoplasmic domains of membrane proteins
with bulky and hydrophobic residues playing an important
role. Two major classes of endocytic motifs have been
identified: tyrosine-based (NPXY or YXX®, where X
stands for a variable amino acid and ® for a bulky
hydrophobic amino acid) and dileucine-based (D/
EXXXLL/T and DXXLL). The use of chimeric proteins
containing both the N- and C-termini of CFTR fused to the
transmembrane regions of the transferrin receptor (TfR)
[72] prompted the identification of specific motifs in those
regions of CFTR. Alignment of the amino-acid sequences
of CFTR C-termini from a variety of species reveals the
presence of a conserved YXX® motif—'***YDSI, which
was shown to be a real tyrosine internalization motif
[72, 73]. Besides this motif, it was also proposed that two
additional ones are present in the same region—'*'*FVLI
and "7°LL. Mutagenesis strategies revealed that disruption
of the "***YDSI and **°LL motifs results in similar levels
of inhibition of CFTR endocytosis [73, 74]. The "*'*FVLI
signal is not, however, a proper endocytic motif, but it is
located within a patch that is needed for CFTR maturation
[75].

These endocytic signals are recognized by adaptor
proteins that mediate the interaction between CFTR and
clathrin in the vesicle coat. AP-2 (assembly polypeptide-2)
is a heterotetrameric complex that contains o, B2, and p2
adaptins [76] and functions as an adaptor protein at the PM.
The p2 subunit was shown to interact with the Tyr'***
motif [77, 78] and the B2 subunit binds to clathrin forming
a complex that promotes the internalization of CFTR from
PM. After internalization, AP-2 and clathrin dissociate and
recycle back to the PM as soluble proteins, whereas the
uncoated vesicles traffic through the early endosomes [79].

Intracellular membrane trafficking requires the interac-
tion of coat proteins and their adaptors with a complex
protein network, including the cytoskeleton, motor proteins
and protein kinases [80]. Sorting of CFTR from the PM
into different routes is regulated by small GTPases of the
Rab family. Rab5 regulates the initial entrance to the early

endosomes, from where CFTR can be recycled back to the
PM, a process that depends on Rab4, or sent to the recy-
cling endosomes. From the latter, Rabll regulates an
alternative pathway of recycling to the PM and Rab7
promotes targeting to late endosomes. At this, CFTR can
also be sent to the trans-Golgi network, a process mediated
by Rab9 [68, 81]. In addition, RME-1 facilitates exit of
CFTR from the recycling endosome [82].

Cytoskeletal motor proteins also participate in CFTR
traffic through interactions with Rab GTPases and adaptor
proteins. Myosin Vb and myosin VI are part of the myosin
superfamily which consists of 18 different classes of
myosin motors capable of using ATP hydrolysis to move on
actin filaments [79, 83]. Myosin VI is most likely to par-
ticipate in the apical membrane endocytosis in epithelial
cells, because it moves toward the F-actin minus end, which
is oriented away from the PM. Myosin VI regulates early
steps of TfR endocytosis, including uptake of TfR into
clathrin-coated pits and formation of clathrin-coated vesi-
cles, as well as the later stages of TfR endocytosis,
including movement of uncoated vesicles toward the early
endosomes on actin filaments. Myosin VI is relevant at the
early endocytic events, such as clustering of CFTR in cla-
thrin-coated pits and formation of clathrin-coated vesicles,
in a complex involving the adaptor Disabled-2 (Dab-2)
[79]. Dab2 forms a complex with myosin VI and AP-2 at the
cell surface facilitating CFTR endocytosis by an actin-de-
pendent mechanism, a process which also depends on the
tyrosine- and dileucine-based motifs present in the C-ter-
minal tail of CFTR [78, 79, 84-86].

Another motor protein, myosin Vb, which specifically
interacts with Rabl1a, regulates CFTR-mediated chloride
secretion across human airway epithelial cells by facili-
tating the apical membrane recycling of both wild-type and
F508del-CFTR [83]. The interaction between Rabl1la and
myosin Vb was shown to be dependent on Rab-binding
sites in the myosin Vb tail domain (amino acids
1231-1818) [83]. Interestingly, it has been shown that
Rabl1b also regulates the apical recycling of CFTR in
polarized intestinal epithelial cells. The functional differ-
ences between these two similar Rabl1 isoforms may, in
fact, account for tissue-specific traffic [87].

CFTR membrane anchoring

The stability of CFTR at the PM is dependent on the
interaction with several proteins, among which PDZ
domain-containing proteins (PDZ proteins) are most rele-
vant. PDZ domains are protein—protein interaction domains
80-90 amino-acid residues long which typically anchor
appropriate targets to the cytoskeleton [88, 89]. The
C-terminus of CFTR (residues DTRL) is a consensus PDZ
binding motif (C-terminal X-[S/T]-X-[V/I/L]) binding
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several PDZ proteins [71, 90], including Na*/H*t-ex-
changer regulatory factor isoform-1 (NHERF-1, also
known as EBP50, ezrin-binding protein, 50 kDa), NHERF-
2, NHERF-3 (also known as CFTR-associated protein
70KDa, or CAP70), NHERF-4, and CAL (CFTR-associ-
ated ligand) [91].

NHERF-1 anchors CFTR to the actin cytoskeleton
through a multiprotein complex. In the PDZ-dependent
CFTR-NHERF-1 complex, NHERF-1 interacts with ezrin,
a member of the ezrin/radixin/moesin (ERM) family. This
locks CFTR in an immobile and actin-tethered complex
that prevents its endocytosis [92]. NHERF-1 targets exo-
some- and endosome-associated CFTR to the apical
membrane of epithelial cells [93, 94], increases its chloride
channel activity, and has also been suggested to induce
CFTR dimerization and facilitate CFTR intermolecular
interactions altering channel conformation and activity
[69, 71, 93].

The role of NHERF-1 in CFTR stabilization involves
interaction with small GTPases of the Rho family (re-
viewed in [4]). These GTPases, found in all eukaryotic
organisms, are divided into three subfamilies, grouped
according to their functional and structural similarity to
their three founding members, RhoA, Racl, and Cdc42.
The members of the Rho family are key regulators of
actin cytoskeleton dynamics, cell polarity and membrane
trafficking through F-actin remodelling [95, 96]. Con-
sistently, NHERF-1 overexpression stimulates the
activation of endogenous RhoA and RhoA-activated
kinase (ROCK), thus leading to reorganization of the
actin cytoskeleton and stabilization of the multiprotein
CFTR-NHERF-1-ezrin—actin complex at the apical PM
[97].

PDZ protein binding also regulates CFTR’s fate.
Whereas NHERF-1 and NHERF-2 stabilize CFTR apical
membrane expression, overexpression of CAL shortens
the half-life of mature CFTR by promoting its endocy-
tosis and lysosomal degradation [98]. Solution-state
binding assays revealed that the affinity of the CFTR C
terminus is much lower for CAL than for NHERF-1/2.
Therefore, this affinity profile encourages the identifi-
cation of pharmaceuticals that displace CAL but not
NHERF-1/2 [88].

Several other pathways regulating CFTR PM stability
involve NHERF proteins. Stimulation with vasoactive
intestinal peptide (VIP) increases CFTR PM localization
through VIP-NHERF-1 interaction [99]. More recently, it
was also shown that activation of EPAC1 (exchange pro-
tein directly activated by cAMP 1) by cAMP promotes its
interaction with NHERF-1 and CFTR, leading to an
increase in its plasma membrane levels through reduced
endocytosis [100].
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F508del-CFTR at the PM and peripheral quality
control

F508del-CFTR can be rescued to the PM by different
strategies (reviewed in [101]). The pathway followed by
the mutant protein to the PM is, in general, the same
described above. Different studies reported, however,
reduced stability of rescued F508del-CFTR at the PM
[68, 81, 102, 103], showing PM half-life (¢,,,) of 1 h, while
wt-CFTR reached 3 h in polarized human airway epithelial
cells. This reduction has been attributed to either an
increased endocytosis rate [81] or a decrease in recycling
back to the PM [103]. Such changes suggest that the CFTR
structure is also assessed at the PM by a peripheral quality
control (PQC) system [103, 104]. Thus, depending on its
folding state, after endocytosis, rescued proteins are recy-
cled back to the membrane or degraded [66, 68]. The
general folding machinery is a major player in the PQC.
Co-chaperones Bag-1, Hsp40, HOP, and Ahal were shown
to be required for removing rescued F508del-CFTR from
PM, facilitating non-native CFTR internalization and
lysosomal targeting through the interaction with ubiquiti-
nation machinery [105].

The PQC operates through regulation of F508del-CFTR
PM anchoring by the PDZ machinery. Previously, it was
reported that activation of Racl signalling improves
F508del-CFTR stability at the PM [96]. This was demon-
strated to occur through activation of ezrin by
phosphorylation. This modification sustains ezrin in an
active form enabling it to interact with F-actin and
NHERF-1. These interactions promote PIP, (4,5-bisphos-
phate)-dependent increase in F-actin polymerization at PM,
linking PM F508del-CFTR to the actin cytoskeleton thus
promoting its stabilization at the PM [97, 104, 106].
NHERF-1 interacts with ezrin through its ERM-binding
domain [107], and whereas in cells expressing wt-CFTR, it
locates at the apical membrane, in cells expressing
F508del-CFTR, NHERF-1 is almost absent from the PM
showing a diffuse distribution in the cytoplasm [107].
NHERF-1 appears to be a key factor to increase F508del-
CFTR stability at PM by protecting it from lysosomal
degradation [108]. In agreement with this finding, it was
also shown that overexpression of NHERF-1 rescues
F508del-CFTR functional expression in CF cells through a
mechanism that involves increase of cytoskeleton organi-
zation [97, 107].

Modulation of other key players was also reported as
critical in stabilizing F508del-CFTR at the PM. It was
shown that F508del-CFTR PM localization can be rescued
by overexpression of Rabll, by inhibition of Rab-5
dependent endocytosis [68, 81], by overexpression of
NHERF-2, or by suppression of endogenous CAL [109].
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Post-translational modifications as regulators
of CFTR biogenesis and trafficking

During its biogenesis and life-cycle, CFTR undergoes
several post-translational modifications which can modify
its fate in the cellular context. Post-translational modifi-
cations can have a role in protein processing and folding,
achievement of a mature and functional conformation, and
regulation of its overall stability. CFTR is glycosylated
cotranslationally and the glycan moiety plays a role in
helping in the acquisition of a stable mature conformation
as well as with trafficking through the secretory pathway
(see above “ERQC folding checkpoints™).

Another post-translational modification that affects
CFTR is ubiquitination. This process consists in the
covalent attachment of ubiquitin and its polymerization
on the substrate, representing a signal for the recognition
for degradation by the 26S proteasome but also for the
activation of signalling pathways. CFTR folding is
assisted by chaperones and co-chaperones that also recruit
and interact with members of the ubiquitination system,
such as E3 ubiquitin ligases (CHIP, c-Cbl, and Nedd4-2)
[40, 84, 110-112]. During CFTR maturation, cross talk
between folding and degradation pathways occurs and
influences its fate (see above “ERQC folding check-
points”). Prolonged interaction of unfolded CFTR
intermediates with Hsc70 recruits CHIP and UbcH5a
which shifts the activity of Hsc70 from folding to
degradation [39, 40, 105]. The interaction of CFTR with
Hsc70 was also demonstrated to be destabilized in the
presence of Bag-1 reducing the amount of CFTR avail-
able for CHIP and, thus, decreasing CFTR ubiquitination
and degradation [44, 113]. RMAI1/RNF5 is an ER-asso-
ciated E3 ubiquitin ligase complex containing Ubc6e and
Derlin-1. It was found to be involved in the regulation of
CFTR, acting before the synthesis of NBD2 by sensing
the folding state of CFTR’s amino-terminal region [41].
The ubiquitin system appears to operate not only in the
early steps of CFTR folding in ER, but also in post-Golgi
compartments [105]. CHIP was reported to promote post-
endocytic ubiquitination of F508del-CFTR, also regulat-
ing the PQC of CFTR [84, 105]. c-Cbl is another
ubiquitin ligase that was also implicated in the regulation
of CFTR by two distinct mechanisms. First, it uses an
ubiquitination-independent mechanism, which facilitates
CFTR endocytosis, decreasing its PM stability by acting
as a scaffolding protein [110, 114]. Second, c-Cbl targets
CFTR for degradation by an ubiquitination-dependent
mechanism [110]. In addition, several lines of evidence
reported that Nedd4-2 also regulates the membrane traf-
ficking of F508del-CFTR but not wt-CFTR by promoting
its ubiquitination [111, 112].

More recently, sumoylation was also described to reg-
ulate CFTR fate. Sumoylation consists in the conjugation
of small ubiquitin-like modifiers (SUMO), which regulate
protein transport and degradation. This modification was
reported to promote both wt-CFTR and F508del-CFTR
degradation through interaction with Hsp27 and the E2
enzyme UBCY9, both involved in SUMO conjugation.
In vitro assays with isolated wt- and F508del-NBDI
showed increased sumoylation in the latter, suggesting a
mechanism for discrimination between folded and mis-
folded regions in CFTR [115, 116].

Increasing evidence has also accumulated towards a role
for phosphorylation in the regulation of CFTR trafficking
(reviewed in [117]). Casein Kinase 2 (CK2), Spleen Tyr-
osine (SYK), Lemur Tyrosine Kinase 2 (LMTK2), and
With-No-Lysine Kinase 4 (WNK4) have all been impli-
cated in different steps of CFTR biogenesis and stability.
Phosphorylation of CFTR at Tyr’'? by SYK decreases its
PM stability through a process that involves SYK regula-
tion by WNK4 [60, 118]. In addition, LMTK2 (Lemur
tyrosine kinase-2), a membrane-anchored Serine/Threonine
(Ser/Thr) kinase, was shown to phosphorylate CFTR at
Ser”’, regulating its levels at the PM by facilitating its
endocytosis [119, 120]. Like Dab2, LMTK2 is also a
myosin VI-binding partner, forming a complex through its
interaction with the Trp/Trp/Tyr site (Trp-Tryptophan and
Y-tyrosine) in the C-terminal tail of myosin VI, most likely
promoting CFTR inclusion into early endosomes.

Targeting the folding and trafficking defects
for CFTR rescue

Understanding CFTR folding and trafficking has played an
important role in the design of strategies to overcome the
basic defects in the mutant protein(s). The rescue of
F508del-CFTR from its ER retention has been achieved by
three main strategies: physical (low temperature incuba-
tion), genetic (second site mutations), and chemical (low-
molecular weight compounds with unspecific—chemical
chaperones—or specific targets—pharmacological chaper-
ones/correctors) (reviewed in [101]).

Low temperature, although not amenable to clinical use,
is known to rescue F508del-CFTR trafficking to the PM
and to partially restore its function [121]. A recent study
assessing the F508del-CFTR interactome reported that the
temperature shift reduces interaction of the mutant with
several proteins involved in ERQC and in lysosomal tar-
geting, suggesting that low temperature slows down protein
activity leading to F508del-CFTR escape from the ERQC
[28, 122] and thus prompting the identification of novel
therapeutic targets among these interactors.
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Simultaneously with the search for targets to modulate
CFTR biosynthesis/trafficking, great effort has been put
forward in the identification of small molecule compounds
to rescue F508del-CFTR. Correctors and potentiators have
been developed to rescue the trafficking and functional
defects of F508del-CFTR (and other CFTR mutants),
respectively (reviewed in [101, 123].

The most successful corrector was VX-809 (Lu-
macaftor), found to rescue F508del-CFTR traffic to the PM
and function [124]. Structure-based docking studies pro-
posed that VX-809 binds to the putative pocket formed at
the NBD1/ICL4 interface [28, 125, 126], leading to the
stabilization of F508del-CFTR at the early stages of its
biogenesis [127]. However, in clinical trials, VX-809
showed modest results and did not improve lung function
in F508del-homozygous patients [128]. This was suggested
to occur due to the interference of in vivo conditions, such
as inflammation and infection, that interfere with the
mechanism of action of the compound. In fact, both
transforming growth factor beta 1 (TGF-B1) whose levels
are higher in CF patients [129] and presence of Pseu-
domonas aeruginosa [130] were reported to decrease the
efficiency of VX-809. The quest for better correctors
continues, even if a combination of VX-809 with the
approved potentiator VX-770 is now available to F508del
homozygous patients under the brand name Orkambi. The
modest, although significant, effect of this combination
[131] and the possible negative impact of VX-770 on VX-
809 effect [132, 133] prompt the search for better
compounds.

The defective PM stability has also raised interest
leading to the identification of possible therapeutic targets
(see above “F508del-CFTR at the PM and peripheral
quality control”). Activation of the Racl signalling path-
way with hepatocyte-growth factor [96] or activation of
EPACI1 by the cAMP analogue 007-AM [100] have been
shown to increase F508del-CFTR rescue by VX-809.
Although translation of these findings into the clinic needs
to be taken with caution, they validate PM stabilization as a
relevant goal in rescuing F508del-CFTR.

Conclusion

Extensive work in the last decades has increased our
knowledge on the complex mechanisms of CFTR biogene-
sis, processing, trafficking, and membrane stability.
Characterization of such pathways together with the identi-
fication of key players (both CFTR-interacting proteins and
CFTR intrinsic sequence motifs and patches) prompted the
understanding of the molecular basis of the disease, partic-
ularly in what concerns the several defects exhibited in the
most common disease-causing variant of the protein,
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F508del-CFTR. The current approaches targeting the basic
defect focus on CFTR itself. All the evidences accumulated
throughout the years have now identified targets that can
promote correction/modulation of the proteostasis network
that is largely responsible for discriminating between native
and non-native proteins. This has now culminated in the
introduction of novel strategies—including combinatory
ones—to improve the outcome of current treatments.
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